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Sommario
In questo lavoro si e` cercato di dare un contributo alla caratterizzazione delle
dinamiche connesse con le strutture vorticose di scia e allo sviluppo di tec-
niche di misura e di metodi di correzioni di dati per una corretta valutazione
sperimentale delle stesse. L’argomento della presente tesi di dottorato e` co-
stituito da due principali progetti: il primo consiste nello studio della scia
generata da un prisma di moderato allungamento posizionato trasversalmente
rispetto al flusso asintotico, il secondo progetto riguarda l’analisi degli effetti
del “wandering” su misure statiche di velocita` di un vortice d’estremita` alare.
Per quanto riguarda il primo progetto, e` stata realizzata un’estesa campagna
di prove riguardante la scia di un prisma a sezione triangolare ed allunga-
mento H/w = 3.0 che ha permesso di ottenere una maggiore conoscenza dei
meccanismi fisici che danno origine a fluttuazioni del campo di velocita` e che
sono certamente connesse a delle oscillazioni delle strutture vorticose di scia.
Una corretta valutazione di tali caratteristiche del flusso e` fondamentale per
ridurre l’intensita` di queste oscillazioni, o in alcuni casi prevenirle. Sono state
realizzate delle visualizzazioni, mediante fumo e lama laser, che hanno gene-
ralmente confermato le informazioni ottenute da una precedente simulazione
LES. Inoltre sono state realizzate una serie di misure mediante sonda anemo-
metrica a filo singolo e misure di pressione sulle superfici del modello, e sono
stati individuati differenti contributi caratteristici delle fluttuazioni del flusso.
Oltre alle fluttuazioni indotte dal distacco alternato di vortici, caratterizzate
da un numero di Strouhal St ∼= 0.16, si sono individuate altre componenti
con differente energia a seconda della regione del flusso presa in esame. Un
contributo a St ∼= 0.05 domina nettamente tutti i segnali di velocita` acquisiti
in prossimita` del bordo superiore della scia. Questo contributo e` stato asso-
ciato ad un’oscillazione verticale, in-fase di una coppia di vortici contro-rotanti
generati dagli spigoli anteriori dell’estremita` libera del prisma. E’ stata indi-
viduata, inoltre, una componente intermedia a St ∼= 0.09. Per l’interpretazione
del meccanismo fisico che da` origine a questo contributo e` stata fondamentale
l’analisi della simulazione LES. Questa componente e` stata infatti associata
alle fluttuazioni di uno strato di vorticita` trasversale che si distacca dallo
spigolo posteriore dell’estremita` libera. Una volta separato, esso risulta tanto
incurvato nella scia da impattare sulla superficie posteriore del modello. Di
conseguenza, questo strato di vorticita` delimita una zona di ricircolo situata
immediatamente a valle del modello. Questa morfologia e` stata confermata
dalle misure di pressione realizzate sulle facce del modello. Un massimo locale
della pressione agente sulla superficie posteriore del modello e` stato infatti
riscontrato ad una quota di z/H = 1/3, mentre fluttuazioni a St ∼= 0.09 sono
state riscontrate solamente a quote inferiori, ovvero appena fuori dalla zona di
ricircolo. Inoltre, le statistiche della frequenza del contributo individuato sono
praticamente identiche a quelle relative alla stessa componente ma riscontrate
in prossimita` dello spigolo posteriore dell’estremita` libera. Da questa analisi ne
consegue che molto probabilmente le fluttuazioni riscontrate in queste due dif-
ferenti zone sono generate dalla medesima struttura vorticosa, ovvero lo strato
di vorticita` trasversale che si distacca dallo spigolo posteriore dell’estremita`
libera. Dalle visualizzazioni numeriche del campo di vorticita` si e` osservato
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che le fluttuazioni della zona di ricircolo sono strettamente connesse con il di-
stacco alternato di vortici. Gli strati di vorticita` laterali sono trascinati nelle
zone alte della scia generando in prossimita` del piano di simmetria un’azione
verticale direttamente sullo strato di vorticita` trasversale che delimita la zona
di ricircolo. Probabilmente e` questa intricata morfologia della scia che da`
origine alle fluttuazioni della zona di ricircolo. Sperimentalmente si e` inoltre
osservato che delle modifiche apportate agli spigoli verticali del modello gene-
rano una variazione della frequenza del distacco alternato di vortici del tutto
analoga a quella prodotta sulla frequenza di oscillazione della zona di ricircolo.
Viceversa, non si sono riscontrate variazioni apprezzabili delle fluttuazioni alla
frequenza piu` bassa presenti nella parte alta della scia, il che suggerisce che
esse siano essenzialmente connesse ad un’instabilita` dei vortici assiali che si
originano dall’estremita` del corpo.
Il secondo progetto riguarda lo studio degli effetti del “wandering” sulle misure
statiche di un vortice di estremita` alare e la validazione di metodi per la cor-
rezione di tali misure. Il wandering consiste in fluttuazioni non-deterministiche
del centro del vortice, le quali fanno si che un vortice caratterizzato mediante
misure statiche risulti piu` diffuso e meno intenso. Sono state effettuate delle
simulazioni numeriche del wandering di un vortice di Lamb-Oseen rappre-
sentando le posizioni occupate dal centro del vortice mediante una funzione
densita` di probabilita` bi-normale. Si e` riscontrato che ampiezze di wandering
minori del 60% del raggio del vortice sono accuratamente calcolate mediante
il rapporto tra RMS della velocita` tangenziale e il suo gradiente misurato
nel centro medio del vortice, ma gli errori aumentano sino al 35% del va-
lore effettivo per ampiezze di wandering uguali al raggio del vortice. Inol-
tre le simulazioni hanno dimostrato che la posizione degli assi principali del
wandering puo` essere calcolata dal valore opposto del coefficiente di cross-
correlazione tra la velocita` in direzione dell’apertura alare e quella in direzione
normale misurato nel centro medio del vortice. Sono stati implementati quat-
tro differenti algoritmi per la correzione degli effetti di wandering mediante
la deconvoluzione dei campi misurati con la funzione densita` di probabilita`
che rappresenta il wandering. Le correzioni sono risultate molto accurate per
ampiezze di wandering inferiori al 60% del raggio del vortice (errori del 15%
della velocita` tangenziale di picco si raggiungono per ampiezze uguali al raggio
del vortice). Successivamente, l’intera procedura per caratterizzare il wander-
ing da misure statiche e la correzione dei dati e` stata applicata alle misure
di un vortice d’estremita` generato da una semi-ala NACA 0012, realizzate
mediante una sonda di pressione a cinque fori e mediante una sonda anemo-
metrica a tre componenti. Inoltre queste misure sono state confrontate con
quelle ottenute mediante la tecnica del “rapid scanning”. Questa tecnica con-
siste nell’effettuare le misure facendo ruotare la sonda di pressione attraverso
il vortice ad una velocita` sufficientemente alta da poter considerare il vortice
all’incirca fisso durante la traversa. Di conseguenza queste misure possono
essere considerate non affette dal wandering. Anche se l’origine del wander-
ing non e` stata completamente chiarita, sicuramente esso non e` un fenomeno
autoindotto; infatti si e` dimostrato che incrementando l’intensita` del vortice e`
possibile ridurre le ampiezze di wandering. Inoltre, si e` osservato che il wan-
dering puo` essere attenuato incrementando l’incidenza dell’ala, il numero di
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Reynolds, o riducendo la distanza dall’ala, ma il wandering di un vortice suf-
ficientemente intenso puo` risultare completamente immutato con le variazioni
di questi parametri. Concludendo, sembra opportuno indicare come principale
parametro per il controllo del wandering il rapporto tra l’intensita` del vortice
ed il livello di turbolenza del flusso, poiche` tutti i test sono stati effettuati con
le medesime caratteristiche del flusso.
Abstract
The present work gives a contribution to the investigation on the dynamics
of wake vorticity structures and to the development of measuring techniques
and data correction methods in order to perform their proper experimental
evaluation. The topic of this Ph.D. thesis consists of two main projects: sur-
vey of the wake generated from a triangular prism of moderate aspect ratio
in cross-flow and investigation into the effects of wandering on static velocity
measurements of a wing-tip vortex. As for the first subject, a deeper under-
standing of the physical mechanisms giving rise to fluctuations of the flow field
connected with the wake vorticity structures is reached; this is important not
only to predict the features of these fluctuations, but also to prevent their
occurrence or reduce their intensity. The velocity fluctuations detected in the
wake of a prism having triangular cross-section and an aspect ratio H/w = 3.0
are characterized. Preliminarily, data obtained from a previous Large Eddy
Simulation were analysed to gain clues on the wake morphology and the oscil-
lations of the wake vorticity structures. Subsequently, flow visualizations with
injected smoke and a laser sheet were performed, and generally confirmed the
wake characteristics evaluated from the numerical simulation. Single sensor
hot-wire anemometer measurements were carried out in the flow field as well
as pressure measurements on the free-end and on the rear surface of the model.
It is shown that, besides the fluctuations induced by an alternate vortex shed-
ding with Strouhal number St ∼= 0.16, further components are present, with
different relative intensities in different wake regions. A spectral contribution
at St ∼= 0.05 is found to dominate all the velocity signals in the upper-wake
and it is attributed to a vertical, in-phase oscillation of a couple of counter-
rotating axial vortices detaching from the front edges of the model free-end.
An intermediate component is also found, occurring at St ∼= 0.09; the analysis
of the previously available LES simulation was fundamental for the interpre-
tation of the physical mechanism giving rise to this flow fluctuation, which is
associated with the oscillations of a transversal shear layer detaching from the
rear edge of the model free-end. Proceeding downstream, it bends downwards
into the wake in such a way to be reversed upstream impinging the rear sur-
face of the model. Consequently, a recirculation region is delimited by this
transversal shear layer. This feature is also assessed from the pressure mea-
surements carried out on the model surfaces; indeed, a pressure maximum is
ascertained on the rear surface at z/H = 1/3 and fluctuations at St ∼= 0.09
are singled out just at the locations below the recirculation region. Further-
more, the statistics of this frequency are comparable to the ones related to
the same spectral component singled out in proximity to rear edge of the free-
v
end, and thus most probably the fluctuations observed in the two zones are
generated from the same vorticity structure, viz. the transversal shear layer.
From the numerical visualizations of the vorticity field it is observed that the
fluctuations of the recirculation region are strictly connected with the vortex
shedding. Lateral vorticity sheets are dragged in the upper wake generating in
correspondence to the wake symmetry plane a direct vertical “action” on the
transversal shear layer. Most probably this intricate wake morphology is the
physical mechanism giving rise to the oscillations of the recirculation region.
Furthermore, it is experimentally assessed that modifications on the vertical
edges of the model generate a variation of the vortex shedding frequency com-
parable to the one produced on the fluctuation frequency of the transversal
shear layer. However, no variations were found in the fluctuations at the lower
frequency in the upper part of the wake, which suggests that they are likely
to be essentially connected with an instability of the axial vortices originating
from the free-end.
The second project is an investigation on the effects of wandering on static
measurements of a wing-tip vortex and on the correction of the measured
velocity fields. Wandering consists in random oscillations of the vortex core;
consequently, vortices evaluated by static measuring techniques appear as more
diffuse and weaker than in reality. Numerical simulations of the wandering of a
Lamb-Oseen vortex were performed by representing the vortex core locations
through a bi-variate probability density function. It was found that wandering
amplitudes smaller than 60% of the core radius are well predicted by using the
ratio between the RMS value of the azimuthal velocity and its slope measured
at the mean vortex centre. With increasing wandering amplitudes the predic-
tions become more inaccurate, showing errors of 35% of the actual value for
wandering amplitudes comparable to the core radius. Furthermore, from the
numerical simulations it was found that the principal axes of wandering are
well predicted from the opposite of the cross-correlation coefficient between
the spanwise and the normal velocities measured at the mean vortex centre.
Four different algorithms were then applied to correct mean velocity fields
for wandering smoothing effects. All the methods perform the deconvolution
of the mean velocity field with the bi-variate probability density function,
that represents the wandering. The methods have the advantage of avoid-
ing any assumption or any fitting of the mean velocity field. The performed
corrections were very accurate for the simulations with wandering amplitudes
smaller than 60% of the core radius, whereas errors become larger with in-
creasing wandering amplitudes (up to an error of 15% of the actual value on
the correction of the peak azimuthal velocity for wandering amplitudes com-
parable to the core radius). Subsequently, the whole procedure to evaluate
wandering from static measurements and to correct the mean velocity field
for wandering effects was applied to the data of a tip vortex generated from
a NACA 0012 half-wing model; these data were obtained using a five hole
probe and a three component hot film anemometer. The static measurements
corrected for wandering effects were then compared to measurements carried
out through rapid scanning. This technique consists in traversing the five hole
probe, fixed on a rotating arm, through the vortex core with a sufficiently
high velocity in order to consider the vortex as roughly fixed during each scan.
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Consequently, these measurements are theoretically not affected by wander-
ing. Tests were performed to investigate on the behaviour of the wandering
by varying the streamwise distance, the wing angle of attack or the Reynolds
number. Firstly, wandering was found to be not a self-induced phenomenon;
indeed, its amplitude was reduced with increasing vortex strength. The latter
seems to be the principal vortex parameter to control the wandering, as neither
the downstream distance, the wing angle of attack or the free-stream velocity
have an absolute influence on the wandering. In other words, the wandering
amplitude can be reduced by increasing the wing angle of attack, the free-
stream velocity, or reducing the streamwise distance from the wing, but if the
vortex is sufficiently strong it may be completely insensitive to the variation
of these parameters. All the tests were performed with the same turbulence
level of the free-stream, and thus it might be more suitable affirming that the
principal parameter controlling the wandering could be the ratio between the
strength of the vortex and the free-stream turbulence level.
vii
Contents
1 Introduction 1
2 Investigation on the wake generated from a low aspect-ratio tri-
angular prism 3
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Experimental set-up and procedures . . . . . . . . . . . . . . . . . . 7
2.3 Analysis of a previous experimental campaign and of a LES simulation 9
2.4 Flow visualizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.5 Pressure measurements on the model surfaces . . . . . . . . . . . . . 23
2.5.1 Pressure field on the tip and rear surfaces of the model eval-
uated from a LES simulation . . . . . . . . . . . . . . . . . . 25
2.5.2 Experimental measurements of the pressure field acting on
the free-end and on the rear surface of the model . . . . . . . 29
2.6 Hot wire measurements in the wake flow . . . . . . . . . . . . . . . . 51
2.6.1 Velocity measurements of the wake generated from the origi-
nal model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.6.2 Velocity measurements of the wake generated from the model
with modifications on the vertical edges . . . . . . . . . . . . 62
2.6.3 Velocity measurements of the wake generated from the model
with modifications on the rear edge of the free-end . . . . . . 73
2.6.4 Velocity measurements of the wake generated from the model
with modifications on the front edges of the free-end . . . . . 79
2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Bibliography 83
3 Wing-tip vortex wandering 85
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.2 The facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.3 Flow Visualizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
3.4 Five hole probe static measurements . . . . . . . . . . . . . . . . . . 99
3.4.1 Setup and five hole probe calibration . . . . . . . . . . . . . . 99
3.4.2 Measurement conditions and locations . . . . . . . . . . . . . 101
3.4.3 Mean flow field . . . . . . . . . . . . . . . . . . . . . . . . . . 102
viii
3.4.4 Unsteadiness of the flow and filtering of the signals . . . . . . 115
3.5 Wandering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
3.5.1 Numerical simulations . . . . . . . . . . . . . . . . . . . . . . 124
3.5.2 Methods to correct wandering effects on static measurements 130
3.5.3 Correction of wandering effects on the five hole probe static
measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
3.6 Rapid scanning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
3.6.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
3.6.2 Measurements conditions and locations . . . . . . . . . . . . 150
3.6.3 Processing of the velocity signals . . . . . . . . . . . . . . . . 152
3.6.4 Evaluation of the instantaneous vortex centre location . . . . 154
3.6.5 Probability density function of the vortex centre locations . . 159
3.6.6 Analysis of the velocity profiles . . . . . . . . . . . . . . . . . 162
3.7 Static measurements performed through three component hot film
anemometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
3.7.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
3.7.2 Measurements conditions and locations . . . . . . . . . . . . 169
3.7.3 Processing of the velocity signals . . . . . . . . . . . . . . . . 169
3.8 Wandering analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
3.8.1 Streamwise variation of the vortex wandering . . . . . . . . . 174
3.8.2 Effects of the variation of the angle of attack . . . . . . . . . 189
3.8.3 Reynolds number dependency of the vortex wandering . . . . 205
3.8.4 Secondary vorticity structures . . . . . . . . . . . . . . . . . . 215
3.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
Bibliography 226
ix
1 Introduction
The vorticity structures present in a wake generated from a body play an extremely
important role on both the mean and fluctuating loads acting on the body surfaces.
Neglecting the contribution to the drag due to viscosity, modifications of the char-
acteristics of the wake vorticity structures, i.e. their intensity and location, can
produce significant variations of the drag. From an energetic interpretation, the
work done in a certain time interval by the drag force is equivalent to the vari-
ation in the total energy of the fluid in the same time interval. Considering the
wake generated from a bluff body or from an airfoil, both are characterized by the
presence of vorticity structures of opposite sign, having separation distance of the
order of the wake width. By representing these vorticity structures with a couple
of counter-rotating vortices with finite-size cores, as was done for instance by [12],
it may be shown that for a certain amount of vorticity contained in the cores, the
kinetic energy connected with a couple of opposite-signed vortices increases as the
core radius decreases and the separation distance of the vortices increases.
These considerations imply that the pressure drag is strictly connected with the
degree of concentration in space of the vorticity shed in the wake, and with the
distance between the regions with opposite-signed vorticity structures. This not
only explains why certain bodies have a larger or smaller drag, but can also suggest
methods for drag reduction.
As the mean loads are strictly related to the wake vorticity structures, the fluc-
tuating loads acting on the body surfaces are related to the oscillations of the wake
vorticity structures. This is the case of the first project presented in this thesis,
viz. the analysis of the wake flow generated from a triangular prism with mode-
rate aspect ratio in cross-flow. The alternate vortex shedding from the rear vertical
edges of the model interacts with the dynamics of the vorticity structures generated
from the model free-end. Consequently, morphology and dynamic of the wake are
more intricate with respect to the two-dimensional case, and to characterize them
the main fluctuations observed from the velocity and pressure measurements were
associated with the oscillations of the different vorticity structures present in the
wake.
Furthermore, the fluctuations of the wake vorticity structures may make them
challenging for their experimental measuring. Indeed, the second project is an
investigation on the effects of the “wandering” of a wing-tip vortex. Wandering
is a universal feature of wind tunnel generated vortices that consists in random
displacements of the vortex core. A proper characterization of the flow close to
the wing-tip is significant for a proper evaluation of aerodynamic loads and of
1
1 Introduction
the flight mechanics characteristics. Moreover, tip-vortices spread from a large
aircraft might represent a significant hazard for other aircrafts that follow in its
wake, and thus this phenomenon affects the separation distance between aircrafts
and, consequently, it remains a limiting factor on airports operation and capacity.
Therefore, these oscillations of the vortex core might produce large errors on static
measurements, and thus methods for the correction of the experimental data or
suitable measuring techniques are needed.
2
2 Investigation on the wake generated
from a low aspect-ratio triangular
prism
List of Symbols
ρ Air density
U∞ Free stream velocity
P∞ Free-stream static pressure
x Coordinate along the free-stream direction
y Coordinate along the transversal direction
z Coordinate along the vertical direction
U Velocity component along the free-stream direction
V Transversal velocity component
W Vertical velocity component
fv Vortex shedding frequency
w Width of the triangular base of the model
H Model height
Re = U∞wν Reynolds number
St = fv · w/U∞ Strouhal number
3
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2.1 Introduction
Bluff bodies in cross-flow are generally subject to unsteady loads due to wake
velocity fluctuations. In particular circumstances these forces may cause dangerous
self-excited oscillations for elongated bluff structures. The characteristics of these
fluctuations depend primarily on the level of organization of the vorticity structures
present in the wake. Therefore, understanding the physical mechanisms giving rise
to these unsteadinesses is important not only to predict their features, but also
to prevent their occurrence or to reduce their intensity, for instance by properly
modifying the body shape.
The major phenomenon involved with the wake generated from bluff bodies in
cross-flow is certainly the vortex shedding, which consists on a double row of vortices
of opposite sign alternately shed from the lateral body surfaces. Vortex shedding
occurs with a peculiar non-dimensional frequency that mainly depends on the body
cross-section and is usually represented through a non-dimensional frequency called
Strouhal number St = fvw/U∞, where fv is the vortex shedding frequency, w is
the cross-flow width of the body and U∞ is the free-stream velocity.
Alternate vortex shedding is characteristic of the wake flow of practically all
two-dimensional bluff bodies. However, it also occurs for finite-length cylinders or
prisms placed with their axis perpendicular to a support plane and to the flow, even
if differences with respect to the two-dimensional case may be present, and increase
as the body aspect ratioH/w (whereH is the height of the body) decreases. Indeed,
the existence of a free-end gives rise to an intense local flow, which passes over the
body tip and is deflected within the separated wake by the low pressures that are
present in that region. This flow varies the width of the wake and the pressure
field with respect to the two-dimensional condition, and may interact with the flow
rounding the sides of the body, producing intense streamwise vortical structures; a
significant interference with the regular vortex shedding mechanism may thus be
expected. Also the ratio between the height of the body and the thickness of the
incoming boundary layer over the plane, H/δ , may have an influence on the flow.
However, [19] suggested that the influence of the boundary layer may be neglected
for H/δ > 3.0, and in the present work we will consider only configurations in
which this condition is satisfied.
Measurements of oscillating pressures and velocity fluctuations around circular
cylinders of large aspect ratio, i.e. [1], [10] and [11], have shown the presence, for
H/w > 10, of clear vortex shedding from most of the cylinder span, with Strouhal
numbers of the same order as those typical of two-dimensional flow. However, a
decrease of the frequency was found in a zone approaching the upper end of the
cylinders, probably due to an increase in the formation length of the shed vortices.
The relative extent of this zone, which is likely to be a cell with lower-frequency
shedding, increases with decreasing aspect ratio, and for H/w < 5 the vortex
shedding from the whole body takes place at a frequency that is lower than in the
corresponding two-dimensional case, i.e. [19].
4
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For all aspect ratios, in the very upper region near the tip of the models, i.e.
within the last diameter from the free-end, both pressure and velocity fluctuations
no longer show a clear peak, and regular vortex shedding cannot therefore be envi-
saged. Conversely, the spectra become broad-band and lower frequencies seem to be
present, either at 1/2 or 1/3 of the dominating frequency found at lower levels. It is
worth mentioning, on this respect, that [13] found significant cross-flow oscillations
of a flexible cylinder to occur at a velocity that is three times that corresponding to
the normal Strouhal frequency, thus suggesting the presence near the tip of fluctu-
ations with a dominating frequency at 1/3 of the usual vortex shedding frequency.
Spectra of the velocity fluctuations in the wake confirmed that approaching the
tip the energy content at the Strouhal frequency progressively disappeared, with a
simultaneous increase of the content at lower frequencies. Further information on
the effects of finite aspect-ratio on vortex shedding may be found in [2].
Over the last 10 years an extensive investigation about wakes generated from
finite prisms and circular cylinders has been carried out at the Department of
Aerospace Engineering of the University of Pisa, in order to characterize the dy-
namics of the wake vorticity structures, and to evaluate the mean and unsteady
loads acting on the bodies. In [8] prisms with both isosceles and equilateral trian-
gular cross-sections and with aspect ratio from 1 up to 3 were tested. In that work
a cross-correlation technique based on the continuous complex-wavelet transform,
first introduced by [16], to characterize the vortex shedding from low aspect-ratio
triangular prisms at Re ∼= 1.2×105. By analysing the phase difference between the
dominating fluctuations of velocity signals acquired at opposite sides of the wake,
it was shown that alternate vortex shedding occurred for all the analysed models,
even for an aspect ratio as low as H/w = 1.0. This result is at variance with previ-
ous findings deriving from low Reynolds number visualizations of the flow around
flat plates, square prisms and finite-length circular cylinders, for which a switching
to a symmetrical shedding of arch-type vortices had been found below a certain
critical aspect ratio, (H/w)cr. Indeed, [19] and [20] had found that (H/w)cr ∼= 1.25
for a normal flat plate, (H/w)cr ∼= 2.0 for a rectangular prism and (H/w)cr ∼= 2.5
for a circular cylinder. In these experiments the two different types of shedding
were detected through smoke-wire visualizations, with the bodies immersed in an
incoming boundary layer with thickness of the same order of H. Furthermore,
[15], through visualizations in a water tunnel showed that, even with a presumably
lower value of δ, the alternate type of shedding occurred for a circular cylinder
when H/w ≥ 4.0 and the symmetrical one when H/w ≤ 2.0, thus substantiating
the previous findings. However, the two types of vortex shedding had never been
characterized at high Reynolds numbers through measurements of the phase diffe-
rence between the velocity fluctuations at the two sides of the wake. [8] explained
their findings as being probably due to the influence of Reynolds number on the
stability of the symmetrical configuration.
Subsequently, the alternate vortex shedding from the lateral sides of triangular
prisms was deeply characterized. The models were placed with the wind normal
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to the cross-section base or against their apex edge, i.e. [3] and [4]. The alternate
vortex shedding was found to exist for all the tested aspect-ratio values, even though
a reduction of the vortex shedding frequency with decreasing aspect ratio was
observed. Furthermore, the regularity and intensity of vortex shedding were also
reduced with decreasing aspect ratio, particularly when the incoming flow was
directed against the apex edge of the prisms. The loads acting on the bodies were
then surveyed, see [14], and it was found that the loads were slightly reduced with
decreasing aspect ratio.
After the characterization of the vortex shedding from the lateral sides of the
models, the flow field in proximity to the free-end and at the upper part of the
wake, generated from triangular prisms and circular cylinders, was investigated.
Visualizations using tufts and pressure vorticimeter measurements highlighted the
presence of a couple of well-defined counter-rotating vortices detaching over the
free-end of the prisms positioning the models with their apex edge against the
incoming flow, see [5]. This feature was particularly evident for the prism with
equilateral triangular cross-section, whilst for the model with isosceles triangular
cross-section, even two axial vortices were also singled out, but they were less
intense with respect to the previous model. From hot-wire measurements, carried
out in proximity to the upper part of the wake, velocity fluctuations were found at a
frequency slightly below 1/3 of the lateral vortex shedding frequency, in agreement
with the measurements performed on a circular cylinder by [13] and [17]. Moreover,
simultaneous measurements carried out at symmetrical locations with respect to
the wake symmetry plane showed that these fluctuations correspond to a vertical,
in-phase oscillation of the axial vortices detaching from the front edges of the free-
end. They also observed that as the axial vortices detach from the free-end they
bend downwards by proceeding downstream. Analogous tests were then performed
for the wake generated from a circular cylinder by [6], but for this model the axial
vortices were smaller, less intense and slightly displaced outwards with respect to
the triangular prism configuration. Furthermore, the axial vortices bend inside the
wake more rapidly than for the triangular prisms. For this model no low-frequency
fluctuations could be detected from the velocity measurements, probably due to a
different wake morphology.
In the present work a wide experimental campaign is described which was car-
ried out in order to achieve a deeper understanding of the dynamics connected with
the vorticity structures present in the wake generated from a prism with aspect-
ratio 3, equilateral triangular cross-section and placed vertically with the incoming
flow directed against its apex edge. Firstly, an extensive analysis of hot-wire mea-
surements, partially performed in [18], was carried out and this data set was then
compared with a ”Large Eddy Simulation” (LES) presented in [9]. This survey
was fundamental to gain basic clues on the wake vorticity structures and their
respective dynamics, and thus to plan the following experimental campaign. Sub-
sequently, flow visualizations with laser sheet and injected smoke were performed
in order to qualitatively characterize the wake morphology and to investigate on
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the oscillations connected with the main vorticity structures. Measurements of the
mean and fluctuating pressure field were then performed on the free-end and on
the rear surface of the model. Finally, single component hot-wire measurements
were performed in the flow field in order to further characterize the fluctuations
of the velocity field and to associate them with the vorticity structures present in
the wake. Additionally, several modifications on the model shape were realized
to influence the dynamics of certain wake vorticity structures and to observe the
consequent effects on the associated spectral contributions and on the dynamics of
the remaining wake vorticity structures.
Three main spectral contributions were singled out from the experimental mea-
surements: the first one is characterized by a St ∼= 0.16 (denoted as the HF in
the following), which corresponds to the alternate vortex shedding from the late-
ral model edges. In the upper-wake a frequency contribution of St ∼= 0.05 rises
(denoted as the LF), which was already attributed by [5] to a vertical, in-phase
oscillation of a couple of counter-rotating vortices detaching from the the front
edges of the model free-end. The third frequency contribution is characterized by
St ∼= 0.09, denoted as the IF, which seems to be associated with the dynamics of
the transversal shear layer detaching from the rear edge of the model free-end and
bounding the recirculation region located behind the model.
This chapter is organized as follows. The facility and all the instruments used for
the experimental campaign are described in Section 2.2. The analysis of a previous
experimental campaign, reported in [18], and of the LES simulation [9] is presented
in Section 2.3. We summarize all the flow visualizations in Section 2.4. The pres-
sure measurements carried out on the free-end and on the rear surface of the model,
and the comparison of the latter with the results of the above-mentioned LES simu-
lation are reported in Section 2.5. All the hot wire measurements performed in the
wake generated from the original model and from the model with modifications are
described in Section 2.6. Finally, conclusions and recommendations are provided
in Section 2.7.
2.2 Experimental set-up and procedures
The tests were performed in a closed-return subsonic wind-tunnel, with circular
open test section 1.1 m in diameter and 1.48 m in length, and a free-stream tur-
bulence level of 0.9%. The general set-up of the experiments is shown in Fig. 2.1.
The model is placed on a horizontal plane, but is connected to a rotatable base
located underneath, in order to allow the model orientation relative to the free-
stream. The model was a finite prism with equilateral triangular cross-section, and
aspect-ratio H/w = 3, where w = 90 mm is the width of the base side of the
triangular cross-section and H is the height of the model. The thickness of the
turbulent boundary layer on the plane is about δ ∼= 10 mm, so that H/δ ∼= 27,
and, according to [20], should not influence the flow field features, which are then
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practically only dependent on the parameter H/w. The origin of the used frame of
reference was set on the middle point of the base rear edge. The x -axis was chosen
in the free-stream direction and the z -axis in the vertical direction, positive from
the model base to the tip. The y direction was consequently defined, producing a
clockwise frame of reference.
Figure 2.1 Sketch of the experimental set-up: a) model and orientation; b) test
lay-out.
The differential pressure transducer SETRA model 239 was used to measure
wind-tunnel dynamic pressure, and static temperature was measured trough a Tec-
nopound Pt100 probe. All the signals were acquired with a D.A.Q. NI 4472 whilst
the traversing apparatus and the selection of the scannivalve ports were driven by
a digital NI 6503.
The hot-wire measurements and the flow visualizations were performed at a
free-stream velocity of U∞ ∼= 25 m/s, corresponding to a Reynolds number Re =
w · U∞/ν ∼= 1.5× 105, and the pressure measurements with scannivalves were per-
formed at both the above mentioned Reynolds number and Re ∼= 1.2 × 105. Fur-
thermore, some tests were performed varying the free-stream velocity in the range
15÷30 m/s, in order to check the constancy of the Strouhal number corresponding
to the spectral components of interest.
The flow visualizations were performed with smoke injected upstream of the
model, in order to mark the shear layers detaching from the model, and using a
StockerYale laser sheet Magnum 1.1 Mag − 670− 1000− 20◦. The lasher sheet is
characterized by a wavelength of about 900 nm and output power of 750 mW .
Measurements of the mean and fluctuating pressure field were performed on
the free-end and on the rear surface of the model with two pressure scanners
Pressure System ESP 16HD. Each scannivalve is provided with 16 ports and
each port is linked to its respective transducer. The calibration of the scannivalve
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transducers was performed through a water manometer and fitting the raw data
with a linear equation. The taps made on the surfaces were connected to the
respective ports with about 400 mm length plastic tubes.
Velocity measurements were then performed with single-component hot-wire
anemometry. The probes used were Dantec type 55, connected to an IFA AN 1003
A.A. Lab System test module. A sampling frequency of 2 kHz and a time-length
of 33 s were chosen after extensive preliminary tests. The single-wire probes used
in the present experimental campaign were oriented with the probe wire both ho-
rizontal or vertical, depending on whether the aim of the tests was to investigate
the velocity fluctuations acting predominantly in the horizontal or vertical planes,
respectively.
The wake flow is usually characterized by the presence of several dominating
spectral components in the velocity fluctuations, but they are generally highly
intermittent and with significant modulations, both in amplitude and frequency.
Therefore, the analysis of the wake velocity signals using only conventional Fourier
spectral methods is largely insufficient, and time-frequency analysis techniques are
needed. In the present work the velocity signals were analysed by a procedure based
on the wavelet and Hilbert transforms described in [7], and whose main steps will
now be summarized.
In order to extract a dominant spectral component from a signal the energy
wavelet map of the signal is filtered by neglecting the wavelet coefficients outside
a band centred at the frequency of interest. The inverse wavelet transform is
then applied to achieve the time-series corresponding to the extracted component.
The resulting signal is a narrow-band one whose modulations in amplitude and
frequency may then be characterized through a demodulation technique based on
the Hilbert transform. With the Hilbert transform it is also possible to survey
the time-variation of the phase-shift between two analogous spectral components
extracted from simultaneously acquired signals.
2.3 Analysis of a previous experimental campaign and
of a LES simulation
Single component hot-wire measurements were previously performed on the wake
flow generated from the same model tested in the present work, and only partially
analysed in [18]. The obtained velocity signals were then further analysed in order
to obtain clues of the wake generated from the triangular prism and to determine
the tests plan of the following experimental campaign.
The Reynolds number selected for the tests was the same as the one used for the
present experimental campaign, that is Re = w · U∞/ν ∼= 1.5 × 105 and the tests
were performed placing the probe wire horizontally. The sampling rate was set at
2 kHz and the sampling time at 33 s. Firstly, measurements were carried out in
three different cross-planes at downstream locations of x/w = 1.5, 2.5 and 4. For
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each cross-plane altitudes of z/H = 0.3, 0.5, 0.7, 0.9 and 1.1 were analysed. Other
tests were performed in the wake symmetry plane from the downstream location
x/w = 0.5 up to x/w = 4, with spacing of ∆x/w = 0.5. The selected altitudes
were z/H = 0.1, 0.3, 0.5, 0.7, 0.8 and 0.9.
As already pointed out, these hot-wire measurements were performed with the
probe wire set in the y-direction and with the probe stem aligned with the free-
stream; thus the measurements are mainly representative of the U and W velocity
components and mainly affected by fluctuations acting on the y-direction. A proper
velocity measurement is performed only if the flow is U -component predominant,
i.e. the solid angle between the velocity vector and the probe stem direction is
lower than about 45◦. Inside the wake this condition is generally not fulfilled
because velocity vectors may be characterized by a dominant cross-component,
particularly at the lower tested altitudes. Moreover, inappropriate measurements
were performed in the recirculation region that lies in proximity to the rear surface
of the model, where the U velocity component may be directed upstream. However,
even though hot-wire measurements performed in the wake are generally not a
proper evaluation of the velocity field, important flow features may be gained from
their survey, particularly regarding flow fluctuations.
The analysis of the mean values of the velocity signals allows the wake mor-
phology to be characterized (Fig. 2.2). An abrupt reduction of the velocity is
generally observed in correspondence to the wake boundary. Starting from the
measurements carried out at x/w = 1.5, it is evident that the wake lies beneath
the altitude z/H = 1.1 and the cross-width of the wake slightly increases by moving
downwards. In the wake symmetry plane a local maximum is generally observed
which increases with increasing altitude. This feature could be representative of
the incoming flow from the upper part of the wake.
For the following tested cross-sections, x/w = 2.5 and x/w = 4, a continuous
enlargement and lowering of the wake is also observed by proceeding downstream.
Indeed, for lower altitudes the points corresponding to an abrupt reduction of the
mean velocity are displaced at larger values of |y/w| by proceeding downstream
while the points corresponding to z/H = 0.9 and y/w = 0 practically lie outside of
the wake.
The standard deviation values of the velocity measurements, and their skewness
and kurtosis (i.e. the third and fourth order central statistical moments, respec-
tively, non-dimensionalized through the standard deviation) were then evaluated
in order to achieve a deeper understanding of the wake shape and to investigate on
the velocity fluctuations. Firstly, Fig. 2.3 and Fig. 2.4 show that the lateral wake
boundary roughly corresponds to a peak of the kurtosis and just inside the wake
a peak standard deviation is present. Furthermore, for each altitude the boundary
of the wake is characterized by an increased negative value of the skewness in pro-
ximity to its location (Fig. 2.5). This feature is due to the abrupt reduction of
velocity for the locations just inside the wake. It is evident that all the statistics
confirm an enlargement and lowering of the wake by proceeding downstream and
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x/w = 1.5) x/w = 2.5)
x/w = 4)
Figure 2.2 Mean values of the hot-wire measurements performed at various cross-
planes.
with reducing altitude.
Particularly interesting is the analysis of the standard deviation corresponding
to the traverse performed at x/w = 1.5 and z/H = 0.9 (Fig. 2.3). This plot
indicates an increased fluctuation of the flow field mainly at the wake symmetry
plane, whereas this feature completely disappears for the remaining cross-sections
located downstream. This feature is probably due to the oscillations of the vorticity
structures detaching from the free-end of the model and acting on the upper part
of the wake.
The statistics of the hot-wire measurements carried out in the wake symmetry
plane, y/w = 0, are reported in Fig. 2.6. The statistics of the traverses performed at
z/H = 0.9 and z/H = 0.8 are qualitatively different with respects to the remaining
tested altitudes. For these altitudes peaks of skewness and kurtosis are observed
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x/w = 1.5) x/w = 2.5)
x/w = 4)
Figure 2.3 Non-dimensional standard deviation of the hot-wire measurements per-
formed at various cross-planes.
at the locations x/w = 1 and x/w = 1.5, respectively, which generally indicate
the crossing of a shear layer. Just downstream of these locations peaks of standard
deviation are present, which are the measurement points with the higher fluctuation
related to the this shear layer. Therefore, it seems that the traverses performed
at z/H = 0.9 and z/H = 0.8 cross the wake boundary at the locations, x/w =
1 and x/w = 1.5, respectively, whereas the remaining traverses lie completely
inside the wake. The wake boundary might be shifted downstream by reducing the
altitude from z/H = 0.9 to z/H = 0.8, confirming that the wake becomes lower
by proceeding downstream. Moreover, the shear layer delimiting the wake seems
to oscillate, as the higher flow unsteadiness is singled out just downstream of its
location.
After the statistical survey of the velocity signals a spectral analysis was per-
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x/w = 1.5) x/w = 2.5)
x/w = 4)
Figure 2.4 Kurtosis values of the hot-wire measurements performed at various
cross-planes.
formed both with Fourier and wavelet transforms. The frequencies appearing in
the velocity fluctuations are described in terms of their associated Strouhal num-
ber St = f · w/U∞, where f is the fluctuations frequency, w is the width of the
triangular base and U∞ is the free-stream velocity.
The velocity signals acquired aside the wake are predominantly characterized by
the presence of a spectral peak about St ∼= 0.15, which will be referred to HF in
the following. This spectral component, already deeply investigated in [6], was at-
tributed to an alternate vortex shedding from the lateral vertical edges of the prism
through the analysis of the correlation between signals simultaneously acquired on
the two sides of the wake. The HF component is particular evident in proximity to
the lateral wake boundary and its energy decreases moving horizontally the probe
away from the wake. Furthermore, the HF peak decreases in intensity by moving
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x/w = 1.5) x/w = 2.5)
x/w = 4)
Figure 2.5 Skewness of the hot-wire measurements performed at various cross-
planes.
up in the vertical direction. An example of wavelet spectrum obtained at a point
in which this peak dominates is shown in Fig. 2.7-a.
A lower frequency was also detected at St ∼= 0.05 (LF in the following) in the
upper part of the wake, and becomes the dominating component for all the mea-
surements carried out at z/H = 1.1, and particularly for x/w = 2.5 and x/w = 4
(Fig. 2.7-b). In [5] this spectral component was associated with a vertical, in-phase
oscillation of the two counter-rotating axial vortices detaching from the front edges
of the free-end. A further information regarding the axial vortices can be gained
from the analysis of the skewness and kurtosis of the measurements performed at
z/H = 1.1 (Fig. 2.5 and Fig. 2.4). Peaks of these parameters approximately in-
dicate the transversal position of the axial vortices for the different downstream
locations.
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a) b)
c) d)
Figure 2.6 Statistics of the hot-wire measurements performed at the wake sym-
metry plane y/w = 0: a) non-dimensional mean values; b) non-
dimensional standard deviation; c) skewness; d) kurtosis.
Moreover, in various locations of the wake symmetry plane another intermediate
spectral peak was singled out at St ∼= 0.09 (IF in the following). An example of this
velocity spectrum is reported in Fig. 2.7-c. Starting from the rear model surface,
the IF contribution suddenly appears at a certain downstream location, depending
on the considered altitude. The origin of this peculiar fluctuation was practically
unknown and it became the main goal of the present investigation.
The three above-mentioned spectral components were also found together in the
velocity spectra of signals acquired aside the wake, but sufficiently far from its
boundary (Fig. 2.7-d). Indeed, in such positions the fluctuations due to the vortex
shedding are reduced in such a way that the peaks at the remaining frequencies
become detectable. This suggests that, even if the three contributions may be
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a) b)
c) d)
Figure 2.7 Examples of the wavelet spectra obtained from the hot wire measure-
ments carried out in various regions around the wake: a) x/w = 2.5,
y/w = 1.0, z/H = 0.5; b) x/w = 4.0, y/w = 0.5, z/H = 1.1; c)
x/w = 2.5, y/w = 0, z/H = 0.5; d) x/w = 2.5, y/w = 2.5, z/H = 0.3.
originated by different phenomena, and thus are more evident close to the regions
where the phenomena occur, they all contribute to the global oscillation of the
wake.
In order to better associate the lower and specially the intermediate spectral
components with the dynamics of the wake vorticity structures, the numerical
results of [9] were also analysed. In that work a ”Large-eddy simulation” (LES) of
the same model tested experimentally was performed, even if at a Reynolds number
one order of magnitude smaller than in the experiments (Re = w·U∞/ν ∼= 104). The
LES simulation provided 116 snapshots of the flow which correspond to 17 cycles of
alternate vortex shedding. The hot-wire measurements, previously analysed, were
compared to the LES data generating from the latter a “simulated” hot-wire output
combining the velocity components as follows. Considering that the hot-wire probe
16
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a) b)
c) d)
Figure 2.8 Comparison between the non-dimensional standard deviation obtained
from the hot-wire measurements and the simulated hot wire output
evaluated from the LES data: a) and b) measurements carried out at
the wake symmetry plane y/w = 0; c) measurements carried out at the
cross-plane x/w = 1.5; d) measurements carried out at the cross-plane
x/w = 2.5.
was set horizontally during the tests, each hot-wire measurement is an estimation
of the so-called effective cooling velocity, defined with sufficient accuracy from this
formula:
Q =
√
U2 + h2W 2 + k2V 2 (2.1)
where h ∼= 1.04 and k ∼= 0.2. A good agreement was generally found between the
statistics of the experimental measurements and the numerical “simulated” hot-
wire outputs, as can be appreciated from the standard deviation of several traverses
reported in Fig. 2.8. This good agreement, perhaps even beyond expectations,
considering the different Reynolds number, is probably due to a fixed detachment
of the shear layers from the edges of the model; consequently, just a delayed onset
of turbulent fluctuations was found due to the lower Reynolds number of the LES.
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Analysing the LES data, qualitative information about the dynamics present in
the wake may be gained, particularly from the visualizations of the vorticity field.
Firstly, the visualization of the axial vorticity in the upper part of the wake imme-
diately behind the rear surface shows the two counter-rotating vortices detaching
from the front edges of the free-end (Fig. 2.9); moreover, their position and inten-
sity are in good agreement with the experimental data obtained through a pressure
vorticimeter and reported in [5].
Figure 2.9 Cross-sections of axial vorticity above the free-end at x/w = 0.01. Up-
per: experimental vorticimeter measurements; lower: LES.
Furthermore, Fig. 2.10 shows two horizontal sections of the U velocity component
at z/H = 1.07 corresponding to different snapshots of the simulation. In both the
two maps the traces of the axial vortices are symmetrical but with different size,
which suggests that these maps might be two horizontal sections of the vortices
at different vertical distance from the vortices axes. Therefore, this visualization
may be representative of a vertical, in-phase oscillation of the two vortices, as
already pointed out from the experimental measurements. Even though the above
mentioned oscillation is compatible with the LF component ascertained from the
experimental measurements, the time-length of the LES is not sufficient for an
adequate spectral analysis.
Furthermore, the visualizations of the vorticity y-component highlight the pre-
sence of a transversal shear layer detaching from the rear edge of the model free-end
(Fig. 2.11-b). At variance with the axial vortices (Fig. 2.11-a), this shear layer bends
rapidly downwards, probably due to the velocity field induced from the axial vor-
tices. The modulus of the vorticity cross-component is also reported in Fig. 2.11-c
for the plane at x/w = 0.8. As can be seen, the vertical vorticity detaching from
the vertical edges of the model is dragged by the velocity field, generated from the
two axial vortices, around the two vortices themselves and pushed in the upper
part of the wake towards the symmetry plane. Consequently, the vertical shear
layers, coming from the two sides of the wake, wrap around the two axial vortices
and in correspondence of the symmetry plane generate a vertical “action” on the
upper part of the wake, which may thus be lowered and enlarged. Most proba-
18
2.3 Analysis of a previous experimental campaign and of a LES simulation
Figure 2.10 Cross-section of the U velocity component at z/H = 1.07 at two
snapshots corresponding to the extremes of a LF cycle.
bly, this dynamics, which involves the whole vorticity structures present in the
upper-wake, might generate the IF oscillation experimentally ascertained mainly
in correspondence to the symmetry plane.
Concluding, the synergic analysis of previous hot-wire measurements and of the
LES data presented in [9] highlights the presence of a spectral component (HF) at
St ∼= 0.15 corresponding to an alternate vortex shedding from the vertical edges of
the model and of a LF at St ∼= 0.05 generated from a vertical, in-phase oscillation
of the two axial vortices detaching from the front edges of the model free-end.
Furthermore, an intermediate IF component was ascertained from the experimental
measurements to be present mainly on the wake symmetry plane and for altitudes
from z/H = 0.3 up to z/H = 0.6. From the numerical visualizations of the vorticity
field it seems that the IF may be generated from the interaction of the transversal
shear layer detaching form the rear edge of the free-end and the other vorticity
structures present in the upper part of the wake.
From this survey the measurement locations used in the previous experimental
campaign are generally confirmed to be adequate for the characterization of the
above-mentioned dynamics present in the wake, except for the necessity of per-
forming more measurements at z/H = 1, which seems to be the altitude more
effected by the vorticity structures present in the upper part of the wake. Further-
more, more detailed measurements in the wake symmetry plane seem necessary,
with the probe wire set both horizontally and vertically, in order to investigate on
the characterization of the recirculation region lying downstream of the rear surface
and on the IF probably connected with it.
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a) b)
c)
Figure 2.11 Numerical visualization of the upper-wake vorticity field from [9]: a)
x -component; b) y-component; c) modulus of the vorticity component
lying on the y-z plane at x/w = 0.8.
2.4 Flow visualizations
Preliminary flow visualizations were carried out in order to investigate on the overall
shape of the wake and on the possible dynamics connected to the wake vorticity
structures. All the still photos and videos may be accessed through the World Wide
Web at
http : //dottorato.dia.ing.unipi.it/Dottorandi/schedaDott.asp?id = 10. These
tests were performed with a laser sheet and with smoke injected upstream of the
model in order to visualize the detached shear layers. All the flow visualizations
were performed at Re ∼= 1.5× 105.
The first tests series was performed, using the laser sheet horizontally at z/H =
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0.3 and z/H = 0.5, in order to investigate on the wake width, and at z/H = 0.9
and z/H = 1 to better individuate the transversal locations of the axial vortices
detaching from the free-end. A photo regarding the horizontal cross-section of
the wake at z/H = 0.3 is reported in Fig. 2.12. From these visualizations it was
difficult to clearly ascertain the alternate vortex shedding, but the width of the
wake varying downstream location and the formation length of the vortices, about
3w, could be discerned.
Figure 2.12 Flow visualization performed with the laser sheet lying on the hori-
zontal plane at z/H = 0.3.
The cores of the two axial vortices, detaching from the free-end, are localized
roughly at y/w ∼= ±0.3, as can be observed from Fig. 2.13-a, in good agreement
with both the previous experimental findings of [5] and the LES simulation of [9].
Furthermore, this photo shows that in correspondence to the symmetry plane the
wake is located at lower altitudes than the location of the laser sheet. This feature
may correspond to the transversal shear layer detaching from the rear edge of the
free-end, which bends downwards due to the velocity field induced from the two
axial vortices. This wake characteristic was already observed through the LES data
in Fig. 2.11-b. In Fig. 2.13-b, a photo also performed at z/H = 1, just on the model
free-end, highlights the presence of symmetrical vorticity structures lying on the
tip surface and deriving from a secondary separation over the tip surface. Indeed,
from the videos these two vorticity structures seem to be counter-rotating and each
one seems of opposite sign with respect to main axial vortex detaching from the
front edge of the model free-end. Those secondary vorticity structures could not
be detected from the following hot-wire measurements, probably due to the rapid
merging process between these secondary vorticity structures and the main couple
of axial vortices detaching from the free-end, which seem to be definitely more
intense. A possible mechanism originating these secondary vorticity structures is
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a)
b)
Figure 2.13 Flow visualizations performed with the laser sheet lying on the hori-
zontal plane at z/H = 1.
sketched in Fig. 2.14: the shear layer detaching from each front edge of the free-
end rapidly rolls-up on the tip surface of the model. The velocity field induced by
the growing axial vortex produces a detachment of the boundary layer present on
the model tip, generating a secondary vorticity structure counter-rotating with the
main vortex.
The second series of tests was performed by setting the laser sheet in verti-
cal planes orthogonal to the free-stream direction. The selected locations were
x/w = 0, 0.25, 0.5, 1 and 1.5. Several photos regarding these tests are reported in
Fig. 2.15. The overall shape and size of the wake cross-sections evaluated through
the numerical visualizations of the vorticity modulus lying in cross-planes are gene-
rally confirmed by the flow visualizations. Firstly, the wake widens with reducing
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Figure 2.14 Sketch of the generation of secondary vorticity structures counter-
rotating with respect to the main couple of axial vortices detaching
from the free-end.
altitude and becomes lower by proceeding downstream. Furthermore, from the
videos it seems that this phenomenon may be generated mainly by the vorticity
structures present in the upper part of the wake and that, as already pointed out in
Section 2.3, the axial vortices are fed by the shear layers coming from the vertical
sides of the wake.
Other flow visualizations were performed with the laser sheet set in longitudinal
planes. Firstly, the tests carried out in correspondence to the symmetry plane,
y/w = 0, confirm that the transversal shear layer detaching from the rear edge of
the free-end rapidly bends downwards inside the wake (Fig. 2.16). Furthermore, it
seems that this shear layer is curved in such a way to impinge on the rear model
surface at very low altitudes. This mechanism may be the origin of the recirculation
region ascertained by [9] in proximity to the rear model surface. Indeed, from
the LES data the mean U velocity component was found to be in the up-stream
direction in this region. Conversely, the axial vortices, visualized by setting the
laser sheet in the longitudinal planes at y/w = ±0.3, remain significantly higher
with respect to the central part of the wake (Fig. 2.16).
In conclusion, the present flow visualizations allowed to confirm features regard-
ing the wake shape and the main vorticity structures present in the wake; however,
they are not adequate to perform a detailed survey of the oscillations of the wake.
2.5 Pressure measurements on the model surfaces
In the present experimental campaign dynamic measurements of the pressure field
acting on the free-end and on the rear surface of the model were carried out. A
deep survey of the pressure field obtained from the LES data presented in [9] was
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x/w = 0) x/w = 0.25)
x/w = 0.5) x/w = 1.5)
Figure 2.15 Flow visualizations performed at several vertical planes perpendicular
to the free-stream direction.
y/w = 0) y/w = 0.3)
Figure 2.16 Flow visualizations performed at different longitudinal planes.
24
2.5 Pressure measurements on the model surfaces
first carried out in order to perform a preliminary analysis of the pressure field
acting on these surfaces and to properly select the locations where positioning the
taps for the following experimental measurements.
2.5.1 Pressure field on the tip and rear surfaces of the model
evaluated from a LES simulation
As already pointed out, even though the LES was made at Re = w·U∞/ν ∼= 104, i.e.
one order of magnitude smaller than the one used for the experimental campaign,
a good agreement between numerical and experimental data was found due to
the fixed detachment of the shear layers from the edges of the model. The LES
simulation provided 116 snapshots which correspond to 17 cycles of alternate vortex
shedding. Consequently, this numerical simulation seems to be adequate for a
spectral characterization of the vortex shedding (HF) but not of the two remaining
spectral components, viz. IF and LF, acting at lower frequencies.
The presence of the two axial vortices detaching from the front edges of the
model free-end is ascertained from the mean pressure field acting on that surface.
In Fig. 2.17-a a strong pressure suction, i.e. a non-dimensional pressure coefficient
cp = (P −P∞)/(0.5ρ∞U2∞) ∼= −1.4, is observed in proximity to the locations where
the vortices cores lie. Furthermore, the map of the mean values of the transversal
velocity component V , in Fig. 2.17-b, confirms that the two axial vortices are
counter-rotating ones.
a) b)
Figure 2.17 Mean flow field acting on the model free-end evaluated from the LES
simulation: a) mean pressure field in terms of non-dimensional coef-
ficients cp; b) mean non-dimensional transversal velocity component
V .
Several videos of the instantaneous velocity and pressure fields acting on the
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model surfaces were performed. To achieve a better understanding of the flow
fluctuations the data were filtered centering an ideal band-pass filter at a frequency
corresponding to one of the three spectral components of interest. The amplitude
of each filter was set about 14% of the central frequency.
Considering the free-end of the model, it was found that pressure fluctuations
act predominantly in a spectral range around the LF component, whereas the
fluctuations corresponding to the IF and HF are definitely negligible. The pressure
fluctuations band-pass filtered around the LF component highlight that the two
axial vortices generally oscillate symmetrically in correspondence to the free-end,
as shown in Fig. 2.18-a and -b, except for a few snapshots where antisymmetric
oscillations occur (Fig. 2.18-c and -d).
a) b)
c) d)
Figure 2.18 Pressure field fluctuations band-pass filtered around the LF compo-
nent acting on the free-end. The pressure values are expressed in
terms of cp: a) usual symmetrical fluctuations of the axial vortices; b)
rare asymmetric fluctuations.
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The pressure and velocity fields acting on the rear surface of the model, evaluated
from the LES data, are now considered. The mean pressure field in Fig. 2.19-a
shows that an increased suction is present between the altitudes z/H = 0.5 and
z/H = 0.7, while the vertical velocity component W is generally directs upwards,
but in proximity to the model tip its direction is reversed (Fig. 2.19-b). This feature
is most probably due to the velocity field induced from the vorticity structures
detaching from the free-end.
a) b)
Figure 2.19 Mean flow field acting on the rear surface evaluated from the LES
simulation: a) mean pressure field evaluated in terms of cp; b) mean
field of the vertical velocity component W .
Particulary interesting is the simultaneous analysis of the fluctuations of pressure
and vertical velocity W fields band-pass filtered around the IF component acting
on the rear surface of the model. The fluctuations are evaluated with respect to
the mean value at each point. In Fig. 2.20 fluctuating pressure and vertical velo-
city maps, corresponding to the same snapshot, are reported for several time-steps.
Starting from the first snapshot, t = 23.868, a local increase of the instantaneous
pressure is observed at an altitude about z/H ∼= 0.2. As can be observed from
the map of the vertical velocity, corresponding to the same snapshot, W is direct
upwards for locations slightly above the considered altitude, whereas W is direct
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downwards for lower altitudes. This analysis suggests that a shear layer may come
closer to the rear model surface at the altitude z/H ∼= 0.2. In the following snap-
shots the local increase of the pressure acting on the rear surface slightly moves up
and its intensity decreases with increasing altitude. At z/H ∼= 0.7 (t = 31.122) this
feature is practically disappeared while a new cycle of this phenomenon is starting
again at z/H ∼= 0.2. Summarizing, this analysis suggests that a shear layer perio-
dically seems to come closer to the rear model surface at z/H ∼= 0.2; consecutively,
it moves up and then withdraws. When the local peak pressure is completely di-
sappeared at z/H ∼= 0.7, a new cycle is starting again at z/H ∼= 0.2. The period
of this phenomenon corresponds to a frequency comparable with the IF.
Figure 2.20 Several snapshots of the LES simulation regarding the fluctuating flow
field acting on the rear surface band-pass filtered around the IF: upper)
instantaneous fluctuations of the pressure field evaluated in terms of
cp; lower) instantaneous fluctuations of the vertical velocity field.
Moreover, the fluctuations of the vertical velocity field acting on the rear surface
were analysed by filtering the data with a band-pass filter centred with the LF.
Figure 2.21 highlights that these low-frequency fluctuations act mainly in the upper
part of the rear surface and are symmetric. This may confirm the vertical, in-phase
oscillation of the couple of axial vortices detaching from the free-end.
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t = 83.3898) t = 89.7727) t = 101.047)
Figure 2.21 Fluctuations of the vertical velocity W band-pass filtered around the
LF component, evaluated from the LES data, acting on the rear sur-
face.
2.5.2 Experimental measurements of the pressure field acting on
the free-end and on the rear surface of the model
Dynamic measurements of the pressure field acting on the free-end and on the rear
surface of the model were performed using two scannivalves described in Section 2.2.
The taps locations were chosen on the basis of the previous analysis of the LES data
presented in Section 2.5.1 and on the flow visualizations described in Section 2.4.
The tests were performed at two Reynolds number: Re = w ·U∞/ν ∼= 1.2×105 and
Re ∼= 1.5 × 105. Two different procedures were used: with the first one, denoted
as Mapping Mode, one sample is acquired from each port and the scannivalves are
multiplexed at the highest available frequency. Theoretically this procedure allows
to achieve almost simultaneous measurements from all the tested taps, and for this
application the mean sampling rate of the pressure maps results to be about 1 Hz.
With the other procedure, denoted as Sequence Mode, 216 samples are acquired
from each port with a sampling rate of 2 kHz. This procedure was necessary for
an adequate spectral characterization of the pressure signals. At least three runs
were carried out for each procedure and for each tested model surface.
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Experimental pressure measurements on the model free-end
The locations of the taps made on the model free-end are represented in Fig. 2.22
and reported in Tab. 2.1, where the suffix a or b correspond to the scannivalve to
which each port is connected.
Figure 2.22 Sketch of the locations of the pressure taps made on the model free-
end.
The two above-mentioned measurement procedures produced the same mean
pressure field as shown in Fig. 2.23. The pressure maps obtained through the
Mapping mode, which are representative of the instantaneous pressure field acting
on the model free-end, generally show symmetrical pressure fluctuations, but it is
difficult to perform a proper spectral characterization due to the large temporal
distance between following snapshots (i.e. about 1 s).
The mean pressure fields obtained with the Sequence Mode, at the two tested
Reynolds Numbers, Re ∼= 1.2× 105 and Re ∼= 1.5× 105, are reported in Fig. 2.24-
a and Fig. 2.24-b, respectively. These maps, plotted with the same color scale,
confirm the presence of the couple of axial vortices in proximity to the free-end,
and that their strength increases by increasing the free-stream velocity. When the
pressure fields are reported in terms of pressure coefficients the two maps become
practically equal, as shown in Fig. 2.25. This confirms that the mean pressure
field, and particularly the axial vortices strength, is almost linearly dependent on
the free-stream dynamic pressure.
The mean pressure field in terms of non-dimensional coefficients cp is also re-
ported in Fig. 2.26. It is evident that the suction due to the axial vortices is more
intense for the locations situated more upstream (i.e. cp ∼= −1.6), then it gradually
decreases by proceeding downstream. This suggests that during the formation pro-
cess the axial vortices increase their strength and progressively they detach from
the free-end.
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a) b)
Figure 2.23 Mean pressure field in terms of non-dimensional coefficient cp mea-
sured at Re = 1.5 × 105 with two different measurement procedures:
a) Mapping Mode; b) Sequence Mode.
a) b)
Figure 2.24 Mean pressure field measured at different free-stream velocities:
a)Re = 1.2× 105; b) Re = 1.5× 105. Pressure values are reported in
Pascal.
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a) b)
Figure 2.25 Mean pressure field in terms of non-dimensional coefficient cp mea-
sured at different free-stream velocities: a)Re = 1.2 × 105; b) Re =
1.5× 105.
Figure 2.26 Mean pressure field acting on the model free-end in terms of cp, Re =
1.5× 105.
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#Tap x/w y/w
1A -0.11 -0.37
2A -0.11 -0.27
3A -0.11 -0.16
4A -0.11 0.00
5A -0.28 -0.29
6A -0.28 -0.21
7A -0.28 -0.12
8A -0.44 -0.15
9A -0.44 0.00
10A -0.61 -0.09
1B -0.11 0.37
2B -0.11 0.27
3B -0.11 0.16
4B -0.28 0.00
5B -0.28 0.29
6B -0.28 0.21
7B -0.28 0.12
8B -0.44 0.15
9B -0.61 0.00
10B -0.61 0.09
Table 2.1 Locations of the pressure taps made on the model free-end.
In Fig. 2.27 the experimental results are now compared with the LES data. Even
although the LES was performed at a Reynolds number one order of magnitude
smaller than the one used for the experimental campaign, both investigations pro-
duce roughly the same mean pressure field in terms of cp coefficients. However, in
proximity to the rear edge the experimentally measured pressure suction is slightly
less intense with respect to the LES simulation, as reported in Fig. 2.28. This fea-
ture may be also due to the increased Reynolds number which generates stronger
axial vortices detaching prematurely from the free-end. This feature seems also
to be confirmed from the flow visualizations performed at the longitudinal plane
corresponding to y/w = 0.3, reported in Fig. 2.16.
The standard deviation values of the pressure field, reported in Fig. 2.29, reveal
that the pressure unsteadiness is not very intense, i.e. the peak fluctuation is about
10% of the mean value. A slight asymmetry of the fluctuations was observed, which
might be due to an imperfect alignment of the free-stream with respect to the model
plane of symmetry.
A spectral survey of the signals acquired with the Sequence Mode was then per-
formed. For each tap an average spectrum of three measurements was evaluated
due to the high unsteadiness of the pressure signals. The wavelet spectra of the
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a) b)
Figure 2.27 Mean pressure field in terms of non-dimensional coefficient cp acting
on the model free-end: a)experimental measurements performed at
Re = 1.5× 105; b) LES data simulated at Re = 104.
Figure 2.28 Comparison between experimental measurements performed at Re =
1.5 × 105 and LES data. Mean pressure field acting on the model
free-end in terms of cp.
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a) b)
Figure 2.29 Standard deviation values of the pressure signals as percentage of local
mean values: a) Re = 1.2× 105; b) Re = 1.5× 105.
measurements performed at Re ∼= 1.2 × 105 and Re ∼= 1.5 × 105 are reported in
Fig. 2.30 and Fig. 2.31, respectively. Each wavelet spectrum is plotted approxi-
mately in correspondence to its respective tap location. The bar plots reported
in these figures correspond to the standard deviation calculated from the wavelet
spectra of each location. It is evident that for both free-stream velocities the main
spectral component is at St ∼= 0.09, which is the IF. This spectral contribution is
clearly detected for the locations that surround the axial vortices cores. Moreover,
the IF seems to increases slightly by proceeding downstream in the symmetry plane
and it becomes definitely dominating in proximity to the rear edge. In this region
a transversal shear layer is present that detaches from the rear edge of the free-end;
consequently, this analysis gives more value to the interpretation that associates
the IF with a fluctuation of this transversal shear layer delimiting the recirculation
region located behind the model.
The LF component, already assessed to be connected with a vertical, in-phase
oscillation of the axial vortices, is also present in the spectra, but only at the taps
number 4, 7 and 9, which are near the symmetry plane, for the tests carried out at
Re ∼= 1.5 × 105, whereas just at the taps 9 for the tests at Re ∼= 1.2 × 105. These
locations lie outside the shear layers detaching from the front edges of the free-end,
thus the LF is detectable due to the decreased unsteadiness of the pressure signals.
The energy wavelet maps were then evaluated for several signals in order to
investigate on the temporal evolution of both the LF and IF spectral components,
which were found to be highly intermittent and also modulated in frequency, as
shown in Fig. 2.32.
The LF and IF were statistically characterized extracting a single spectral con-
tribution from the pressure signals using the procedure, based on the wavelet and
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Figure 2.30 Wavelet spectra of the pressure signals acquired at Re = 1.2 × 105.
Each spectrum is plotted in correspondence of its respective tap.
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Figure 2.31 Wavelet spectra of the pressure signals acquired at Re = 1.5 × 105.
Each spectrum is plotted in correspondence of its respective tap.
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Figure 2.32 Wavelet energy map of the pressure signal acquired in correspondence
to the tap 9B at Re = 1.5× 105.
Hilbert transforms, proposed by [7]. The statistics for the IF and LF are presented
in Tab. 2.2 and Tab. 2.3, respectively. The IF results to be at St ∼= 0.087 with a
standard deviation of 11.58% of its mean value, whilst the LF has a mean value
St ∼= 0.052 with a standard deviation of 12.82% of its mean value.
Subsequently, the cross-correlation of signals simultaneously acquired from dif-
ferent taps was surveyed to gain more information on the dynamics of the vorticity
structures acting in proximity to the free-end. This analysis consists in extracting
spectral components of interest from pressure signals, with the procedure based on
the wavelet and Hilbert transforms, and the cross-correlation between two spectral
components is then calculated through the “Hilbert Local Correlation Coefficient”,
HLCC. HLCC is based on the definition of a ”cross-analytical signal” using the
Hilbert transform, and provides the time variation of the cross-correlation between
two signals having similar frequencies: when the coefficient HLCC = 1 the phase-
shift between two spectral components is negligible, whereas when HLCC = −1
the phase-shift is 180◦.
The cross-correlation between the signals acquired at the taps 4A and 4B was
first analysed. Both taps lie on the symmetry plane of the free-end but at different
downstream locations; consequently, this cross-correlation survey allows the evolu-
tion of the fluctuations of the vorticity structures along the streamwise direction to
be analysed. From each signal the IF at a Strouhal number of St ∼= 0.09 was first
extracted, because this contribution is the one with the largest fluctuation energy.
A residual signal was then obtained from the inverse transform of the wavelet map
of the original signal whose elements are neglected in the spectral band selected for
the IF. Subsequently, the LF component was extracted from the residual signal. In
Fig. 2.33 a time-portion of the two spectral components extracted from the pres-
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sure signal acquired from the tap 4A at Re ∼= 1.5× 105 is reported. Furthermore,
the modulus of the analytical signal, obtained through the Hilbert transform, as-
sociated with each spectral component is also shown, to demonstrate that it well
describes the time variation of amplitude of the component. In Fig. 2.33-c the sum
of the two extracted components is compared with the original signal to highlight
that the residual signal is predominantly composed by high frequency components.
#port meanSt σSt/meanSt
1A 0.0857 0.1144
2A 0.0846 0.1034
3A 0.0869 0.1552
4A 0.0857 0.0527
5A 0.0824 0.1666
7A 0.0879 0.1247
9A 0.0912 0.1383
1B 0.0879 0.1465
2B 0.0868 0.0957
3B 0.0836 0.1197
4B 0.0857 0.0795
5B 0.0868 0.0687
7B 0.0863 0.1603
9B 0.0912 0.1870
#port meanSt σSt/meanSt
1A 0.0865 0.1147
2A 0.0846 0.0916
3A 0.0891 0.1313
4A 0.0855 0.0658
5A 0.0865 0.2131
7A 0.0882 0.0483
9A 0.0900 0.1798
1B 0.0883 0.1172
2B 0.0882 0.1068
3B 0.0891 0.0548
4B 0.0874 0.0828
5B 0.0865 0.0989
7B 0.0854 0.1347
9B 0.0900 0.0894
Re ∼= 1.2× 105 Re ∼= 1.5× 105
Table 2.2 Statistical characterization of the IF component extracted from the pres-
sure signals.
#port meanSt σSt/meanSt
9A 0.0525 0.0989
9B 0.0523 0.1157
#port meanSt σSt/meanSt
4A 0.0528 0.1477
7A 0.0518 0.1885
9A 0.0518 0.1543
4B 0.0519 0.0759
7B 0.0527 0.1442
9B 0.0518 0.1003
Re ∼= 1.2× 105 Re ∼= 1.5× 105
Table 2.3 Statistical characterization of the LF component extracted from the
pressure signals.
The statistics of the cross-correlation between the IF components measured at
the taps 4A and 4B and the ones corresponding to the LF components are reported
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a)
b)
c)
Figure 2.33 IF and LF spectral components extracted from the pressure signal
acquired at the tap 4A with Re = 1.5× 105: a) IF component; b) LF
component; c) sum of IF and LF compared with the original signal.
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in Tab. 2.4. Both the LF and IF are highly correlated, which suggests that the
fluctuations of the vorticity structures on the free-end occur roughly simultaneously
in the stream-wise direction.
IF LF
Mean HLCC 0.9416 0.9400
Median HLCC 0.9874 0.9823
σ HLCC/Mean HLCC 0.0967 0.0888
Skewness HLCC -3.5196 -3.415
Kurtosis HLCC 21.431 18.798
Table 2.4 Statistics of the cross-correlation coefficient HLCC between the IF com-
ponents extracted from the signals acquired from tap 4A and 4B at
Re = 1.5 × 105, and of the LF components extracted from the same
signals.
Finally, it was analysed whether the IF and LF components extracted from
the same pressure signal may occur simultaneously. For this survey two spectral
bands centred at the IF or LF, and amplitude equal to 45% of the dominating
frequency were considered. For each sample of the signal a component is considered
if its wavelet energy is larger than a certain threshold value. Subsequently, it was
analysed if the two components occurred simultaneously. As threshold values were
chosen 150% and 200% of the mean energy value of each component. For the two
cases both the IF and LF result to be present for more than 40% and 25% of the
time-length of the signal, respectively (Tab. 2.5), and the time-length at which the
IF and LF are simultaneously present is almost half than the time-length of their
occurrence, indicating that no significant correlation may be observed between the
two components. This is a confirmation that these fluctuations are originated from
different vorticity structures.
A cross-correlation survey was then performed for the IF components extracted
from the signals acquired at the taps 3A and 3B, which are symmetrically located,
and whose wavelet spectra show a clearly dominating IF (Fig. 2.34). The cross-
correlation of the extracted components, whose statistics are reported in Tab. 2.6,
highlights that the fluctuations are generally symmetric but with less regularity
with respect to the analysis performed for the taps 4A and 4B. This feature can
be explained from the comparison of a portion of the two signals in Fig. 2.35: ge-
nerally the fluctuations occur simultaneously, but sometimes a complete amplitude
modulation suddenly occurs (as happens for the signal 3A between 0.72 s. and
0.96 s.) which generates opposite phase in the oscillations.
Summarizing, the experimental pressure measurements performed on the model
free-end assess the presence of a couple of counter-rotating axial vortices detaching
from the front edges. Their strength seems to be roughly proportional to the free-
stream dynamic pressure. A contribution at St ∼= 0.09, which is the IF, dominates
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a) b)
Figure 2.34 Wavelet spectra of the pressure signals acquired on the free-end at
Re = 1.2× 105: a) tap 3A; b) tap 3B.
Figure 2.35 Cross-correlation of the IF components extracted from the signals ac-
quired at the taps 3A and 3B with Re = 1.2×105: a) IF components;
b) HLCC; c) instantaneous frequency.
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Threshold = 150%Energymean
IF 43.03%
LF 48.54%
CROSS 22.77%
Threshold = 200%Energymean
IF 26.51%
LF 32.82%
CROSS 9.78%
Threshold = 150%Energymean
IF 41.45%
LF 49.4%
CROSS 21.99%
Threshold = 200%Energymean
IF 25.05%
LF 32%
CROSS 9.47%
Tap 4A) Tap 4B)
Table 2.5 Simultaneity survey between the IF and LF components extracted from
the same signal. The indexes represent the percentage of the signal time-
length at which each spectral component (IF or LF) is present or when
the two components are simultaneously present (CROSS).
IF
Mean HLCC 0.4324
Median HLCC 0.4397
σ HLCC/Mean HLCC 0.6272
Skewness HLCC -1.0717
Kurtosis HLCC 2.7963
Table 2.6 Statistics of the cross-correlation coefficient between the IF spectral
components extracted from the signals acquired at taps 3A and 3B at
Re = 1.2× 105.
the spectra of the signals acquired at the locations lying aside the cores of the
vortices, and its energy increases by proceeding towards the rear edge. The LF
was also detected, but only from the signals acquired in proximity to the symmetry
plane and located more upstream. Furthermore, the LF and IF do not seem to
be correlated, suggesting that they are probably generated from different vorticity
structures.
Experimental pressure measurements on the rear surface
The taps locations on the rear model surface were mainly chosen on the basis
of the analysis of the fluctuating pressure and velocity fields obtained from the
LES data. As already pointed out in Section 2.5.1, an oscillation of a shear layer
was supposed to be present near the rear surface, particularly for altitudes in the
range z/H = 0.2 ÷ 0.7. This feature was qualitatively confirmed from the flow
visualizations performed in the wake symmetry plane, showing that the transversal
shear layer detaching from the rear edge of the free-end bends downwards inside
the wake, and at low altitudes it is reversed upstream oscillating against the rear
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model surface.
Firstly, three taps were used for each of the following altitudes z/H = 1/2,
1/3 and 1/6, as reported in Tab. 2.7. Subsequently, additional tests were carried
out using more taps in the symmetry plane for the same altitude range, in order
to obtain more detailed data. Three measurements were performed for each tap
using the Sequence Mode procedure at two free-stream velocities, corresponding
to Re ∼= 1.2 × 105 and Re ∼= 1.5 × 105. For each measurement 216 samples were
acquired with a sampling rate of 2 kHz.
#Tap z/H y/w
11A 1/2 -0.25
12A 1/3 -0.25
13A 1/6 -0.25
14A 1/2 0.00
15A 1/6 -0.00
11B 1/2 0.25
12B 1/3 0.25
13B 1/6 0.25
14B 1/3 0.00
Table 2.7 Locations of the pressure taps made on the rear surface of the model.
The measured mean pressure fields (p − p∞) are reported in Fig. 2.36. A local
reduction of pressure suctions, observed at z/H = 1/3 for both free-stream veloci-
ties, might confirm that a shear layer impinges on the rear surface at this altitude.
It should be pointed out that from the LES simulation this feature has been ob-
served only from the survey of the flow fluctuations and no information was gained
from the mean pressure field analysis. This could be due to the increased Reynolds
number used in the experimental tests, which may involve a stronger shear layer
acting on the rear surface. Furthermore, analysing the pressure field in terms of
non-dimensional coefficients, Fig. 2.37, it appears to be linearly dependent on the
free-stream dynamic pressure, as already observed for the free-end.
A spectral survey of the pressure signals was then performed and the average
wavelet spectra, plotted in correspondence to each respective tap, are reported
in Fig. 2.38 and Fig. 2.39 for the measurements performed at Re ∼= 1.2 × 105
and Re ∼= 1.5 × 105, respectively. As can be seen, a dominating spectral compo-
nent corresponding to the IF is observed only for the measurements performed at
z/H = 1/6. As happened for the free-end, from the analysis of the fluctuation
energy, calculated through the wavelet transform, this component appears to be
highly intermittent and modulated in frequency, as can be observed for instance in
Fig. 2.40.
The IF component was then extracted with the procedure based on the wavelet
and Hilbert transforms and on average it occurs at St ∼= 0.085 and with fluctuations
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a) b)
Figure 2.36 Mean pressure field acting on the rear surface of the model. Pressure
values are reported in Pascal: a) Re = 1.2× 105; b) Re = 1.5× 105.
a) b)
Figure 2.37 Mean pressure field acting on the rear surface of the model in terms
of non-dimensional pressure coefficient cp: a) Re = 1.2× 105; b) Re =
1.5× 105.
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Figure 2.38 Mean wavelet spectra of the pressure signals acquired on the rear
surface of the model at Re = 1.2 × 105. Each plot is reported in
correspondence to its respective tap.
Figure 2.39 Mean wavelet spectra of the pressure signals acquired on the rear
surface of the model at Re = 1.5 × 105. Each plot is reported in
correspondence to its respective tap.
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Figure 2.40 Wavelet energy map of the pressure signal acquired in correspondence
to the tap 13A at Re = 1.5× 105.
of 10.31% of its mean value. The statistics presented in Tab. 2.8 are roughly equal
to the findings regarding the free-end (Tab. 2.2), confirming that the fluctuations
on both model surfaces may be generated from the same vorticity structure, which
is the transversal shear layer detaching from the rear edge of the model free-end.
#port meanSt σSt/meanSt
13A 0.0841 0.1223
15A 0.0856 0.1247
13B 0.0867 0.0637
#port meanSt σSt/meanSt
13A 0.0839 0.1119
15A 0.0845 0.1236
13B 0.0872 0.0726
Re ∼= 1.2× 105 Re ∼= 1.5× 105
Table 2.8 Statistic characterization of the IF component extracted from pressure
signals acquired on the rear model surface.
The cross-correlation between the IF components acquired at the taps 13A and
13B was analysed to gain a deeper understanding about these peculiar fluctuations.
From Tab. 2.9 it is evident that the fluctuations occur simultaneously for both
taps, indicating that the shear layer oscillations influence simultaneously almost
the whole model width.
As already pointed out, to achieve a deeper characterization of the IF component
further taps were made on the symmetry plane, y/w = 0, from z/H = 2/18 up
to z/H = 9/18 with a vertical spacing of ∆z/H = 1/18. These measurements
were performed using the procedure Sequence Mode and acquiring 216 samples
with a sampling rate of 2 kHz. Again, two Reynolds numbers were considered, i.e.
Re ∼= 1.2×105 and Re ∼= 1.5×105, and six measurements were carried out for each
tap and for each free-stream velocity.
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IF
Mean HLCC 0.9125
Median HLCC 0.9434
σ HLCC/Mean HLCC 0.1757
Skewness HLCC -3.2401
Kurtosis HLCC 16.187
Table 2.9 Statistics of the cross-correlation coefficient between the IF components
extracted from the signals acquired at tap 13A and 13B with a free-
stream velocity corresponding to Re = 1.5× 105.
The measured mean pressure field, reported in Fig. 2.41, shows a local maximum
between z/H = 5/18 and z/H = 6/18 for both free-stream velocities. This altitude
should be the location where on average the transversal shear layer impinges on the
rear surface. These measurements also confirm that the pressure field is roughly
linearly dependent on the free-stream dynamic pressure. The statistics of the pres-
sure signals, evaluated as average of six measurements for each tap, are reported
in Fig. 2.42. Peaks of skewness and kurtosis can be observed at z/H = 6/18, that
might correspond to the altitude where the transversal shear layer impinges the
rear surface of the model on average. At this location the shear layer impinges on
the rear surface and then is curved upwards, as observed from the LES simulation
(Fig. 2.19-b); consequently, as expected, the measurements with the higher fluctu-
ations are acquired outside of the recirculation region; indeed, the peak standard
deviation is observed at z/H = 3/18, as shown in Fig. 2.42-a.
a) b)
Figure 2.41 Mean pressure field acting on the symmetry plane y/w = 0 of the rear
surface of the model: a) pressure values in Pascal; b) pressure values
in terms of cp.
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a) b)
c)
Figure 2.42 Statistics of the pressure field acting on the symmetry plane y/w = 0
of the rear surface of the model: a) standard deviation; b) skewness;
c) kurtosis.
The average wavelet spectra of the pressure signals confirm that the flow fluc-
tuations outside of the recirculation region are mainly due to the IF (Fig. 2.43).
Moving downwards, this spectral component appears just outside of the recircula-
tion region, which is z/H = 5/18, and then increases for lower altitudes.
Furthermore, the cross-correlation of the IF extracted from different signals ac-
quired simultaneously at different altitudes reveals that this spectral component
acts roughly simultaneously at the considered locations; two examples are reported
in Tab. 2.10.
Summarizing, pressure suctions are generally measured on the rear surface of
the model, as expected, but a local increase in the mean pressure is observed in
correspondence to the z/H = 1/3, which confirms a previous deduction, obtained
from the analysis of the LES and of the flow visualizations, that a shear layer might
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a)
b)
Figure 2.43 Average wavelet spectra of the pressure signals acquired on the rear
surface at y/w = 0: a) Re = 1.2× 105; b) Re = 1.5× 105.
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impinge on the model at this location. From a spectral survey of the measurements
the IF component is detected only for altitudes lower than z/H = 1/3, and its
fluctuating energy increases by moving downwards, reaching a maximum at z/H =
1/6. Statistics of the IF extracted from the signals are comparable to what was
evaluated from the signals acquired on the free-end, demonstrating that the IF may
be associated with the dynamics of the transversal shear layer detaching from the
rear edge of the free-end, which is bent downwards in such a way to impinge the
rear surface of the model.
IF
Mean HLCC 0.8951
Median HLCC 0.9303
σ HLCC/Mean HLCC 0.1096
Skewness HLCC -1.5791
Kurtosis HLCC 5.3083
IF
Mean HLCC 0.8876
Median HLCC 0.9414
σ HLCC/Mean HLCC 0.1513
Skewness HLCC -2.5756
Kurtosis HLCC 11.1927
a) b)
Table 2.10 Statistics of the cross-correlation of the IF extracted from different
pressure signals acquired simultaneously at Re = 1.5 × 105. The taps
are located in the symmetry plane, y/w = 0, at different altitudes: a)
z/H = 2/18 and z/H = 3/18; b) z/H = 4/18 and z/H = 5/18; .
2.6 Hot wire measurements in the wake flow
An extensive campaign was performed through hot wire measurements in the wake
flow to obtain more detailed results regarding the three spectral components of
interest, like understanding which vorticity structures generate them and the re-
gions of the wake that are predominantly affected from them. Subsequently, several
modifications of the model were made in order to influence certain wake vorticity
structures, and thus the spectral contribution connected to them, and to analyse
the effects of the model modifications on the remaining spectral components, which
are not strictly related to these vorticity structures.
All hot-wire measurements were carried out with single-wire probes. The probe
wire was set horizontally in order to be more sensitive to the vertical velocity
component that is highly affected by the dynamics of the vorticity structures located
in the upper-wake. All the velocity signals were acquired for 33 s. and with a
sampling rate of 2 kHz. The measurements were performed at three different
cross-planes (x/w = 1.5, 2.5 and 4) and at the vertical positions z/H = 0.3, 0.5,
0.7, 0.9, 1 and 1.1. Measurements were also carried out on the wake symmetry
plane for z/H = 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8. The tests were mainly carried out
at Re ∼= 1.5× 105.
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2.6.1 Velocity measurements of the wake generated from the
original model
The statistics of this experimental campaign are in good agreement with the mea-
surements carried out by [18] and analysed in Section 2.3. Mean values of the
velocity signals, reported in Fig. 2.44, confirm the enlargement of the wake with
reducing height and by proceeding downstream. Other statistics of these measure-
ments are definitely comparable to the ones obtained from the previous experimen-
tal campaign, e.g. the standard deviations shown in Fig. 2.45. Interestingly, for
the tests performed on the wake symmetry plane, y/w = 0, peaks of the standard
deviation are located in such a way to move upstream with increasing z and, from
a comparison with the LES simulation, these points seem to be situated just down-
stream of the boundary of the recirculation region lying behind the model. This
suggests that the shear layer detaching from the rear edge of the free-end is subject
to an evident oscillation.
x/w = 1.5) x/w = 2.5)
x/w = 4) y/w = 0)
Figure 2.44 Mean values of the hot wire measurements for the original model.
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x/w = 1.5) x/w = 2.5)
x/w = 4) y/w = 0)
Figure 2.45 Standard deviation values of the hot wire measurements for the origi-
nal model.
A spectral survey of the velocity signals was performed with both Fourier and
wavelet transforms. The velocity fluctuations with the largest energy occurs at a
Strouhal number St ∼= 0.16, which is the HF related to the alternate vortex shedding
from the vertical edges of the model. This contribution is generally singled out in
regions just outside of the lateral boundary of the wake and its fluctuations energy
increases by moving horizontally the probe from outside toward the lateral wake
boundary (Fig. 2.46).
Moreover, in Fig. 2.47 the wavelet spectra corresponding to the measurements
performed at y/w = −1.5, z/H = 0.3 and for all the three tested cross-planes
are plotted. It seems that the fluctuations energy of the HF increases up to the
formation length of the lateral vortices, which has been evaluated to be about 3w
from the flow visualizations, and to remain fairly invariant moving from x/w = 2.5
to x/w = 4. Indeed, in Fig. 2.46 the maximum energy of HF has roughly the same
value for the two downstream distances, but for x/w = 4 it is displaced outwards
53
2 Investigation on the wake generated from a low aspect-ratio triangular prism
a) b)
Figure 2.46 Wavelet spectra of the velocity signals acquired at z/H = 0.3 in pro-
ximity to the lateral wake boundary: a) x/w = 2.5; b) x/w = 4.
(y/w = 1) due to the enlargement of the wake by moving downstream. Analo-
gously, in Fig. 2.47, regarding velocity signals acquired at the same altitude and
transversal location but different downstream distance, the spectrum correspond-
ing to x/w = 1.5 has a HF energy much lower than the remaining downstream
locations, whereas the different energy between the latter is almost completely due
to the wake enlargement.
Figure 2.47 Wavelet spectra of the velocity signals acquired at y/w = −1.5, z/H =
0.3 and different cross-planes.
Furthermore, the HF component dominates all the wavelet spectra in the lateral
region of the wake and for heights lower than z/H = 0.7 and its energy increases
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Figure 2.48 Wavelet spectra of the velocity signals acquired at x/w = 2.5, y/w =
−1.5 and different heights.
with reducing altitude, as can be observed in Fig. 2.48.
As already shown in Fig. 2.46, another spectral contribution rises approaching
the lateral boundary of the wake at a Strouhal number St ∼= 0.09, which is the IF.
From the traverses performed along the y-direction at the altitudes z/H = 0.3 and
z/H = 0.5 it is found that approaching the location y/w = 0 the HF decreases
its energy whereas the one related to the IF increases (Fig. 2.49). This is a clear
example of the case when even though proper measurements of the velocity field are
not performed, because in this region the cross-velocity should be predominant with
respect to the axial component, important features are gained about the velocity
fluctuations.
Figure 2.49 Wavelet spectra of the velocity signals acquired at x/w = 2.5, z/H =
0.5 and different transversal locations.
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This panorama suggested that the IF mainly acts in the symmetry plane, y/w =
0; indeed, from various tests performed in this region this component dominates
the wavelet spectra of the velocity signals, and particularly for z/H ≤ 0.6. Moving
from the rear model surface in the downstream direction the IF arises at a location
depending on the considered altitude, e.g. as reported in Fig. 2.50. Successively,
its energy increases by proceeding downstream and reaches a maximum value, and
then decreases.
Figure 2.50 Wavelet spectra of the velocity signals acquired on the wake symmetry
plane, y/w = 0, and z/H = 0.3.
Figure 2.51 Wavelet spectra of the velocity signals with the maximum IF energy
for each tested altitude.
In Fig. 2.51 the wavelet spectra corresponding to the locations where the max-
imum fluctuations energy was singled out for each altitude are shown. The max-
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imum energy is roughly the same for altitudes from z/H = 0.3 up to z/H = 0.5
and then decreases with increasing altitude. The location of maximum energy of
the IF moves upstream with increasing altitude, which is consistent with the shape
of the recirculation region individuated from the analysis of the LES simulation
presented in [9]. Therefore, all these features give value to the interpretation for-
mulated through the previous numerical and experimental analyses that attribute
the IF to the fluctuations of the transversal shear layer detaching from the rear
edge of the free-end and bounding the recirculation region lying behind the model.
Furthermore, the increased IF energy at lower altitudes suggests that the transver-
sal shear layer might be subject to a ”flag-like” oscillation, that is the oscillations
increase moving away from the rear edge of the model free-end, from where the
transversal shear layer originates.
The third spectral component ascertained from the spectral analysis of the ve-
locity signals occurs at St ∼= 0.05 (LF) and it dominates all the velocity signals
acquired at z/H ≥ 0.7. As already explained in the previous sections this contri-
bution is attributed to a vertical, in-phase oscillation of the axial vortices detaching
from the front edges of the model free-end, which globally characterizes the fluc-
tuations of the upper part of the wake. The energy of the LF slightly increases
by proceeding downstream, as shown in Fig. 2.52, whereas it seems to be roughly
independent of the transversal location.
Figure 2.52 Wavelet spectra of the velocity signals acquired at y/w = −1.5, z/H =
1.1 and different downstream locations.
As already reported in Section 2.3, all the three spectral components are also
found together in the velocity spectra of signals acquired aside the wake (Fig. 2.53),
suggesting that even if the three contributions may originate from different phe-
nomena they all contribute to the global oscillation of the wake.
The spectral components were then extracted from all the signals at which they
dominate, through the technique based on the wavelet and Hilbert transforms pro-
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Figure 2.53 Wavelet spectrum of the velocity signal acquired at x/w = 4, y/w = 1
and z/H = 0.9.
posed by [7]. This survey was needed to quantitatively characterize the three
contributions. The latter were extracted using a band-pass filter with amplitude
equal to 20% of the central frequency and considering only the samples with a
fluctuation amplitude larger than 50% of the mean value of the modulus of the
considered component.
The statistics related to the HF are reported in Tab. 2.11. This spectral compo-
nent occurs at a St ∼= 0.16 on average with fluctuations of about 4.4% of its mean
value. The non-dimensional frequency found for the alternate vortex shedding is
slightly higher than what was found by [18], where the HF occurred at St ∼= 0.153
on average. This is probably due to a better alignment of the model with respect to
the free-stream obtained for the present experimental campaign, which generates
a reduced transversal width of the wake.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
2.5 0.3 0.1635 0.0073 0.0613 4.575
2.5 0.5 0.1645 0.0071 0.0809 4.6138
4 0.3 0.1624 0.0073 0.0555 4.3687
4 0.5 0.1603 0.0071 0.0198 4.5018
Average 0.1627 0.0072 0.0544 4.5148
Table 2.11 Statistical characterization of the HF extracted through a procedure
based on the wavelet and Hilbert transforms.
The IF was extracted only from the signals acquired in the wake symmetry plane
and for altitudes lower than z/H = 0.6, where this component is found to be do-
minant. The IF results to be at St ∼= 0.09, as shown in Tab. 2.12, with fluctuations
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of 5.3% of its mean value, in good agreement with the previous experimental cam-
paign.
y/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
0 0.3 0.0904 0.0048 0.0990 4.4289
0 0.4 0.0915 0.0049 0.0371 4.5645
0 0.5 0.0907 0.0048 0.0308 4.0987
Average 0.0909 0.0048 0.0556 4.3640
Table 2.12 Statistical characterization of the IF extracted through a procedure
based on the wavelet and Hilbert transforms.
The third contribution, LF, was extracted only from the signals acquired at
x/w = 4 and z/H = 1.1, where it was found to have the largest fluctuations energy.
It occurs at St ∼= 0.05 with fluctuations of 3.4% of its mean value (Tab. 2.13), again
in good agreement with the previous investigation.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 1.1 0.0505 0.0023 0.0886 4.5647
Table 2.13 Statistical characterization of the LF extracted through a procedure
based on the wavelet and Hilbert transforms.
Subsequently, the fluctuations of the moduli of the analytic signals associated
with the various spectral components were analysed. In Tab. 2.14 their statistics
are reported in terms of standard deviation (nondimensionalized with the mean
value of the modulus), skewness and kurtosis. As can be observed, the fluctuations
moduli are similar for all the components, and also the values of the skewness and
kurtosis are comparable; however, rather high values of the standard deviations of
the latter parameters are found, which may be due to the fact that the fluctuations
of the moduli occur at too low frequencies to allow a complete stationarity of the
higher moments to be achieved. In any case, no clear differences seem to emerge
from the statistical analysis of the temporal behaviour of the amplitudes of the three
components. Indeed, in all cases the fluctuations of the modulus are significant, and
the skewness is moderately positive, indicating a tendency to intermittent bursts
of high-amplitude oscillations of all the components.
The signals for which all the three components of the velocity fluctuations were
detectable (which, as already pointed out, could be obtained aside the wake, suf-
ficiently far from its boundary) were then used to study the possible correlations
between the variations of the amplitude of the single components. In other words,
the aim was to analyse if any positive or negative correlation between the increase
and decrease of the amplitude of the three components could be ascertained. In
Fig. 2.54 an example is given of the time variation of the extracted components and
of their moduli for a short time interval of one of such signals, whose the respective
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HF σ/m Skewness Kurtosis
Average 0.482 0.486 3.244
Stand.Dev. 0.047 0.324 0.876
IF σ/m Skewness Kurtosis
Average 0.515 0.584 3.077
Stand.Dev. 0.029 0.173 0.455
LF σ/m Skewness Kurtosis
Average 0.527 0.662 3.307
Stand.Dev. 0.034 0.254 0.856
Table 2.14 Statistical central moments of the modulus of associated analytical sig-
nals for the three spectral components. The average and standard
deviation values are evaluated over multiple measurements.
wavelet spectrum has been already shown in Fig. 2.53, together with the compa-
rison between the sum of the three components and the original velocity signal.
As can probably be perceived from Fig. 2.54-d, the residual signal is composed of
high frequency and very low frequency components, which may probably be also
representative, at least in part, of the basic turbulence structure of the wind-tunnel
free-stream.
The signals representing the fluctuating part of the modulus of the three ex-
tracted analytic signals were then used to evaluate their correlation coefficients,
ρ. The latter were evaluated from the available multiple signals (approximately
70) for which all the three components could be extracted; the average and the
standard deviation values of the correlation coefficients thus obtained are reported
in Tab. 2.15. As is apparent from the values of Tab. 2.15, no significant correla-
tion may clearly be observed between the fluctuations of the moduli of the three
frequency components. All the above findings substantiate the deduction that the
three frequencies appearing in the wake velocity fluctuations originate from the
dynamics of different vorticity structures.
LF −HF LF − IF IF −HF
ρ(Average) 0.016 0.024 -0.054
ρ(Stand.Dev.) 0.072 0.082 0.066
Table 2.15 Correlation coefficients between fluctuating parts of the moduli of the
three components extracted from the same velocity signals.
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a)
b)
c)
d)
Figure 2.54 Example of extracted components at point x/w = 4, y/w = 1,
z/H = 0.9. a) HF component; b) IF component; c) LF component; d)
comparison between the sum of the three components and the original
signal.
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2.6.2 Velocity measurements of the wake generated from the
model with modifications on the vertical edges
A first attempt to modify the alternate vortex shedding from the vertical edges of
the model was performed positioning on the rear surface of the model two plates
with the particular shape shown in Fig. 2.55. These model modifications were
designed to act directly on the alternate vortex shedding and to minimize their
effects on the upper part of the wake. This model will be denoted as MOD I in
the following.
Figure 2.55 Sketch of the MOD I.
Hot wire measurements were carried out, with the usual sampling parameters
(sampling time 33 s. and sapling rate 2 kHz), at the cross-plane x/w = 4, for
z/H = 0.3, 0.5 and 1.1, and on the wake symmetry plane, y/w = 0, for z/H = 0.3,
0.4, 0.5 and 0.7.
In Fig. 2.56 the mean and standard deviation values of the signals regarding the
cross-plane x/w = 4 are reported together with the corresponding curves for the
original model. As can be seen, the modifications made on the vertical edges of
the model generate negligible variation of the shape and dimensions of the wake
cross-section.
The statistics related to the measurements performed on the symmetry plane, in
Fig. 2.57, confirm that the wake is roughly unchanged. Furthermore, the peaks of
the standard deviation, even if with slightly different values, are located for each
altitude at the same downstream location than for the original model; it means that
also the length of the recirculation region lying behind the model remains roughly
unchanged.
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a) b)
Figure 2.56 Statistics of the wake flow generated from the MOD I at the cross-
plane x/w = 4: a) mean values; b) standard deviation.
a) b)
Figure 2.57 Statistics of the wake flow generated from the MOD I at the wake
symmetry plane y/w = 0: a) mean values; b) standard deviation.
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From the spectral analysis of the velocity measurements the most apparent vari-
ation with respect to the original model is related to the HF component, as can
be observed from Fig. 2.58. This component occurs at a frequency definitely lower
than St ∼= 0.15, but comparing these spectra with the respective ones of the ori-
ginal model, in Fig. 2.46-b, the HF energy is seen to be almost comparable. The
reduction of the vortex shedding frequency was expected because due to the larger
transversal length of the formation of the vortices consequent to the model modifica-
tion. Consequently, this configuration involves a larger temporal distance between
two following vortices with vorticity of opposite sign, and thus it produces a lower
vortex shedding frequency.
Figure 2.58 Wavelet spectra of the velocity signals acquired at x/w = 4 and z/H =
0.3 for the MOD I.
From the wavelet spectra corresponding to lateral positions of the wake, in
Fig. 2.58, the IF is no longer clearly detectable, and it seems to occur at a slightly
lower frequency. These features are confirmed from the wavelet spectra of the ve-
locity signals acquired on the wake symmetry plane shown in Fig. 2.59. However,
the fluctuating energy of the IF seems to remain roughly unchanged.
The wavelet spectra regarding the signals acquired at x/w = 4 and z/H = 1.1
confirm that the model modifications do not produce any substantial change of
the LF. Fig. 2.60 shows that the LF occurs roughly at the same Strouhal number
St ∼= 0.05 and with same energy than for the original model.
All the three spectral components were extracted through the above-mentioned
procedure based on the wavelet and Hilbert transforms. The statistics regarding
the HF reported in Tab. 2.16 confirm the evaluations qualitatively achieved from
the analysis of the wavelet spectra, that is the HF occurs at a Strouhal num-
ber St ∼= 0.14, about 12% lower than the vortex shedding frequency of the original
model. The reduction of the HF results to be comparable to the percentage enlarge-
ment of the cross-width of the model due to the model modifications. Moreover,
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Figure 2.59 Wavelet spectra of velocity signals acquired on the wake symmetry
plane, y/w = 0, and z/H = 0.4 for the MOD I.
the remaining statistics of Tab. 2.16 show negligible variation of the frequency mo-
dulation of this spectral component, even though the wavelet spectra reported in
Fig. 2.58 show that the HF is characterized from a larger kernel with respect to the
analogous spectra obtained for the original model, and thus suggest an increased
frequency modulation of the HF.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 0.3 0.1423 0.0067 0.0291 4.3414
4 0.5 0.1415 0.0065 -0.0718 4.4041
Average 0.1419 0.0066 -0.0213 4.3728
Table 2.16 Statistical characterization of the HF extracted from the velocity sig-
nals for the MOD I.
Also the IF results are reduced by about 12% of its respective original value, as
shown in Tab. 2.17, indicating that the modifications made on the vertical edges of
the model influence not only the vortex shedding but also the fluctuations of the
transversal shear layer detaching from the rear edge of the free-end. These results
could be expected because, as observed from the LES simulation and from the
flow visualizations, the lateral vortex shedding surrounds the central recirculation
region lying behind the model; moreover, the lateral vorticity sheets wrap around
the upper part of the wake generating a vertical action on the transversal shear
layer in correspondence to the wake symmetry plane. In other words, the model
modifications act directly on the vortex shedding, but they also inevitably affect
the oscillations of the recirculation region, and thus it seems reasonable that the
IF frequency reduction be comparable to that of the HF.
Finally, the lower spectral component, LF, is confirmed to be practically unaf-
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Figure 2.60 Wavelet spectra of velocity signals acquired at x/w = 4, y/w = −1.5
and z/H = 1.1 for the original model and for MOD I.
y/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
0 0.3 0.0798 0.0040 -0.0772 4.3483
0 0.4 0.0802 0.0038 -0.0226 4.0343
0 0.5 0.0786 0.0036 -0.1333 4.4495
Average 0.0795 0.0038 -0.0777 4.2774
Table 2.17 Statistical characterization of the IF extracted from the velocity signals
for the MOD I.
fected by this model modification as can be seen in Tab. 2.18.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 1.1 0.0516 0.0023 0.0857 4.7657
Table 2.18 Statistical characterization of the LF extracted from the velocity signals
for the MOD I.
A further modification of the vertical edges of the model was made (MOD II
in the following) as shown in Fig. 2.61. In this case the plates were set normal to
the free-stream in order to generate a stronger influence on the vortex shedding
and, as explained above, indirectly on the fluctuations of the recirculation region.
Statistics of the velocity measurements performed at the cross-planes x/w = 2.5
and x/w = 4 are reported in Fig. 2.62 and Fig. 2.63. It is evident that the width
of the wake is generally increased for all the tested altitudes and, moreover, the
increased unsteadiness observed from the measurements performed at x/w = 4 and
z/H = 1.1 suggests that also the height of the wake is increased.
The mean values of the measurements performed on the wake symmetry plane
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Figure 2.61 Sketch of the MOD II.
y/w = 0, in Fig. 2.64, are generally lower for each altitude with respect to the
case of the original model, confirming that the wake might be extended at higher
altitudes. Furthermore, Fig. 2.65 shows that the peaks of the standard deviation
are displaced more downstream, suggesting that also the length of the recirculation
region should be increased.
As expected, the increased width of the wake cross-section implies a significantly
reduced vortex shedding frequency, as can be seen from the wavelet spectra reported
in Fig. 2.66; furthermore, the maxima of the HF energy are displaced outwards with
respect to the original model. Comparing these spectra with the ones reported in
Fig. 2.46-a, it is evident that the HF presents a double fluctuation energy with
respect to the original model. This feature is probably due to the model modi-
fications, which are set orthogonal to the free-stream, and thus produce a larger
disturbance in the flow and stronger lateral vortices. The HF was then extracted
from the signals at which it results to be dominant and its respective statistics are
reported in Tab. 2.19. This contribution occurs at St ∼= 0.1, 39% lower with respect
to the case of the original model.
The IF contribution, which for the original model was found to increase to-
gether with the HF one approaching the lateral wake boundary, is generally not
detectable from the signals acquired aside the wake. From the wavelet spectra of
the measurements performed on the wake symmetry plane a spectral component
at St ∼= 0.07 was singled out, with energy comparable to the IF ascertained for
the original model, but it is generally less evident, probably due to an increased
frequency modulation (Fig. 2.67). The statistics related to the IF are reported in
Tab. 2.20.
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a) b)
Figure 2.62 Mean values of the velocity signals acquired at two different cross-
planes of the wake generated from the MOD II: a) x/w = 2.5; b)
x/w = 4.
a) b)
Figure 2.63 Standard deviations of the velocity signals acquired at two different
cross-planes of the wake generated from the MOD II: a) x/w = 2.5;
b) x/w = 4.
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Figure 2.64 Mean values of the velocity signals acquired at the wake symmetry
plane, y/w = 0, of the wake generated from the MOD II.
Figure 2.65 Standard deviations of the velocity signals acquired at the wake sym-
metry plane, y/w = 0, of the wake generated from the MOD II.
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Figure 2.66 Wavelet spectra of velocity signals acquired at x/w = 2.5 and z/H =
0.3 for locations aside the wake generated from the MOD II .
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
2.5 0.3 0.0970 0.0047 -0.0686 4.5165
2.5 0.5 0.1051 0.0051 0.0331 4.7115
4 0.3 0.0971 0.0047 -0.0212 4.4750
4 0.5 0.0978 0.0046 -0.0898 4.6816
Average 0.0985 0.0048 -0.0285 4.5537
Table 2.19 Statistical characterization of the HF extracted from velocity signals
for the MOD II.
Several wavelet spectra related to the measurements performed at x/w = 4 and
z/H = 1.1 are reported in Fig. 2.68. As expected also this model modification
does not produce significant effects on the LF, which is still detected at St ∼= 0.05.
The LF was extracted from the signals at which it is dominant and the respective
statistics are reported in Tab. 2.21.
Interestingly, all the three components of interest are present with roughly the
same energy at z/H = 1.1 aside the wake, whereas for the original model only
the LF was ascertained at this altitude. This feature is most probably due to the
increased height of the wake and also to the increased fluctuations energy of the
vortex shedding, as observed in Fig. 2.66.
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y/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
0 0.3 0.0722 0.0037 -0.1109 4.2757
0 0.4 0.0776 0.0041 -0.0300 4.1650
0 0.5 0.0780 0.0043 0.0358 4.7185
Average 0.0759 0.0040 -0.0350 4.3864
Table 2.20 Statistical characterization of the IF extracted from velocity signals for
the MOD II.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 1.1 0.0525 0.0027 -0.0372 4.7569
Table 2.21 Statistical characterization of the LF extracted from the velocity signals
for the MOD II.
Figure 2.67 Wavelet spectra of velocity signals acquired at y/w = 0 and z/H = 0.5
regarding the MOD II.
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a) b)
c) d)
Figure 2.68 Several wavelet spectra of signals acquired at x/w = 4, z/H = 1.1
regarding the MOD II: a) y/w = −1.75; b) y/w = −1.25; c) y/w =
1.5; d) y/w = 1.25.
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2.6.3 Velocity measurements of the wake generated from the
model with modifications on the rear edge of the free-end
Two different modifications were made in correspondence to the rear edge of the
model to attempt influencing directly the transversal shear layer detaching from
this region, and thus the global oscillations of the recirculation region lying behind
the model. These two modifications, denoted as MOD III and MOD IV in the
following, are shown in Fig. 2.69 and Fig. 2.70, respectively. Hot wire measurements
were performed at x/w = 2.5 and 4, with altitudes z/h = 0.3 and 0.5, to investigate
possible variations on the vortex shedding frequency. The signals at which the LF
was found to be dominant were acquired at x/w = 4 and z/H = 1.1. Finally, the
measurements at the wake symmetry plane, needed to analyse the IF, were carried
out at z/H = 0.3, 0.4 and 0.5.
It is already evident from the mean values of the measurements shown in Fig. 2.71
that the effects of these modifications on the wake morphology are definitely negli-
gible. Generally all the statistics evaluated from these measurements, not reported
in the present work, confirm this deduction.
The spectral analysis of the velocity signals also assesses that variations of the
spectral components of interest are practically absent. The wavelet spectra in
Fig. 2.72 regarding the signals acquired aside the wake for both the two modifi-
cations highlight that the frequency at which the HF occurs and its fluctuations
energy are practically unchanged with respect to the case of the original model
shown in Fig. 2.46-a. The statistics of the extracted HF from the signals regard-
ing both the MOD III and MOD IV are reported in Tab. 2.22 and Tab. 2.23,
respectively.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
2.5 0.3 0.1606 0.0071 -0.0381 4.6746
2.5 0.5 0.1610 0.0067 0.0811 4.6929
4 0.3 0.1586 0.0067 0.0529 4.6519
4 0.5 0.1585 0.0066 -0.0139 4.0220
Average 0.1597 0.0068 0.0205 4.5104
Table 2.22 Statistical characterization of the HF extracted from velocity signals
for the MOD III.
Even the IF, which should be the spectral component more affected by these
model modifications made on the rear edge of the free-end, appears roughly un-
changed, both in frequency and energy, from the wavelet spectra of the signals
acquired on the wake symmetry plane (Fig. 2.73). The statistics regarding the IF
are reported in Tab. 2.24 and Tab. 2.25.
Finally, the statistics regarding the LF, in Tab. 2.26 and Tab. 2.27, highlight
that even if the model modifications are made on the model free-end, no effects are
found on this contribution, probably because in correspondence to the rear edge the
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Figure 2.69 Sketch of the MOD III.
Figure 2.70 Sketch of the MOD IV .
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MOD III MOD IV
x/w = 2.5 x/w = 2.5
x/w = 4 x/w = 4
y/w = 0 y/w = 0
Figure 2.71 Mean values of the velocity field measured at two cross-planes, x/w =
2.5 and x/w = 4, and on the wake symmetry plane. On the left-hand
side the statistics related to the MOD III are reported and on the
right-hand side the ones corresponding to the MOD IV . 75
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x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
2.5 0.3 0.1613 0.0070 0.0974 4.6205
2.5 0.5 0.1612 0.0068 0.1586 4.6979
4 0.3 0.1605 0.0071 0.0125 4.3290
4 0.5 0.1625 0.0070 -0.0410 4.6908
Average 0.1614 0.0070 0.0569 4.5846
Table 2.23 Statistical characterization of the HF extracted from velocity signals
for the MOD IV .
y/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
0 0.3 0.0911 0.0047 0.0339 4.1826
0 0.4 0.0930 0.0045 0.0376 4.2728
0 0.5 0.0922 0.0047 -0.0453 4.0082
Average 0.0921 0.0046 0.0087 4.1545
Table 2.24 Statistical characterization of the IF extracted from velocity signals for
the MOD III.
axial vortices are already separated from the free-end, and thus scarcely affected
by these model modifications.
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a) b)
Figure 2.72 Wavelet spectra of velocity signals acquired aside the wake at x/w =
2.5 and z/H = 0.3: a) MOD III; b) MOD IV .
a) b)
Figure 2.73 Wavelet spectra of velocity signals acquired at y/w = 0 and z/H = 0.4:
a) MOD III; b) MOD IV .
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y/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
0 0.3 0.0954 0.0050 0.0117 4.3752
0 0.4 0.0939 0.0048 0.0902 4.5667
0 0.5 0.0885 0.0045 -0.0570 4.4038
Average 0.0926 0.0048 0.0150 4.4486
Table 2.25 Statistical characterization of the IF extracted from velocity signals for
the MOD IV .
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 1.1 0.0508 0.0021 0.2701 5.0025
Table 2.26 Statistical characterization of the LF extracted from velocity signals
for the MOD III.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 1.1 0.0519 0.0021 0.0554 4.5772
Table 2.27 Statistical characterization of the LF extracted from velocity signals
for the MOD IV .
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2.6.4 Velocity measurements of the wake generated from the
model with modifications on the front edges of the free-end
In this section the effects of modifications made on the front edges of the free-end
in order to influence the axial vortices generating from this region are presented. It
is known that to promote the break-down of vortices a positive pressure gradient
is needed in the downstream direction in proximity to the vortices cores. For
instance two normal plates positioned on the rear edge in correspondence to the
axial vortices locations represent a good mean of achieving this aim, but for the
wake generated from the prism such a configuration would highly influence the
transversal shear layer detaching from the rear edge too. Therefore, the selected
configurations to try to influence only the axial vortices are the ones shown in
Fig. 2.74 and Fig. 2.75. The design of these modifications is based on the idea of
reducing the level of organization of the shear layers detaching from the front edges
of the free-end, and thus of generating weaker axial vortices.
However, no appreciable effect on the LF was detected from the measurements
performed at x/w = 4 and z/H = 1.1 for both the considered configurations, as
can be seen in Tab. 2.28 and Tab. 2.29.
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 1.1 0.0518 0.0023 0.0480 4.5214
Table 2.28 Statistical characterization of the LF extracted from velocity signals
for the MOD V .
x/w z/H St(Average) St(Std) St(Skewness) St(Kurtosis)
4 1.1 0.0503 0.0023 -0.0076 5.4593
Table 2.29 Statistical characterization of the LF extracted from velocity signals
for the MOD V I.
This result may seem surprising, and witnesses the strength of the convective
mechanism of formation of the axial vortices, which, even if probably completely
rolled-up slightly downstream with respect to the original configuration, still un-
dergo the same type of instability, with fluctuations at an unchanged Strouhal
number.
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Figure 2.74 Sketch of the MOD V .
Figure 2.75 Sketch of the MOD V I.
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2.7 Conclusions
The interpretation of the physical mechanisms giving rise to the velocity fluctua-
tions in the wakes of bluff bodies is fundamental to modify or inhibit the possible
consequent fluctuating loads. In this work the wake flow generated from a finite
prism with equilateral triangular cross-section and aspect ratio H/w = 3 in cross-
flow has been investigated.
Fluctuations at three prevailing frequencies have been singled out, with different
relative intensities depending on the wake regions. In particular, a frequency con-
nected with the alternate vortex shedding originating from the lateral vertical edges
of the prism, which corresponds to a Strouhal number St ∼= 0.16, was ascertained
from hot wire measurements, and was found to dominate for vertical positions be-
low z/H = 0.7, and to be particularly strong in the regions just outside the lateral
boundary of the wake. As already noticed in previous works, the amplitude of the
vortex shedding fluctuations is strongly modulated, which is not surprising due to
the lower regularity of this phenomenon with respect to the two-dimensional case.
A lower-frequency, at St ∼= 0.05, was found to prevail in the velocity fluctuations
on the whole upper part of the wake, in particular above z/H = 0.9, and may con-
fidently be associated, in agreement with previous suggestions deriving from the
analysis of a LES simulation presented in [9], with a vertical, in-phase oscillation
of a couple of counter-rotating axial vortices detaching from the body free-end,
and of the sheets of vorticity wrapped around them. The cause of this oscillation
is probably an instability of the couple of axial vortices, even if the fact that the
frequency of the fluctuations is only slightly less than 1/3 of the vortex shedding
frequency might have suggested that the latter phenomenon may cause this par-
ticular frequency to be selected among the unstable ones for the counter-rotating
vortices configuration.
The analysis of the wake velocity signals carried out in the present work highlights
also the presence of fluctuations at an intermediate frequency, around St ∼= 0.09,
mainly localized at the wake symmetry plane. The above-mentioned LES simu-
lation was again fundamental to better associate these flow fluctuations with the
dynamics of the wake vorticity structures. The visualizations of the modulus of
the vorticity field showed that the lateral vorticity sheets of the wake are dragged
around the axial vortices in the upper-wake, and in correspondence to the wake
symmetry plane they generate a vertical “action” on the transversal shear layer de-
taching from the rear edge of the model free-end. Experimental flow visualizations
showed that this shear layer is curved in the wake in such a way to be reversed
upstream impinging on the rear surface of the model at about z/H = 0.3. Conse-
quently, a recirculation region is delimited by this transversal shear layer and lies
behind the rear surface of the model. From the hot-wire measurements the spec-
tral component at St ∼= 0.09 was mainly found on the wake symmetry plane just
downstream of the boundary of the recirculation region, and thus it is attributed
to an oscillation of the latter. From pressure measurements performed on the body
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surfaces this contribution has been mainly found in correspondence to the rear edge
of the free-end, where the transversal shear layer detaches, and on the rear surface
for locations below z/H = 0.3. This panorama substantiates that the spectral com-
ponent at St ∼= 0.09 is representative of the fluctuations of the transversal shear
layer delimiting the recirculation region.
Finally, modifications of the vertical edges of the model were found to generate
frequency variations of this spectral component comparable to those produced on
the vortex shedding frequency, confirming that the fluctuations of the recirculation
region are strictly related to the vortex shedding. Conversely, the lower frequency
associated with the oscillation of the axial vortices detaching from the free-end was
found to remain practically unaltered. This suggests that probably these fluctu-
ations are strictly connected with an instability of the couple of counter-rotating
vortices which is not affected by the dynamics of the remaining wake vorticity
structures.
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3 Wing-tip vortex wandering
List of Symbols
ρ Air density
U∞ Free stream velocity
P0 Free-stream total pressure
P∞ Free-stream static pressure
c geometric mean chord
Re = U∞cν Reynolds number
α Angle of attack
β Yaw angle
x Coordinate along the free-stream direction
y Coordinate along the spanwise direction
z Coordinate along the normal direction
U Velocity component along the free-stream direction
V Velocity component along the spanwise direction
W Velocity component along the normal direction
Vθ Tangential velocity component
Uc Axial velocity at the mean vortex centre
UD = Uc − U∞ Axial velocity deficit at the mean vortex centre
V1 Peak tangential velocity
r1 Vortex core radius
ωx Axial vorticity
Γ1 Circulation at r1
Γ0 = 1/2U∞cCL Theoretical circulation at the wing root
YC Spanwise coordinate of the mean vortex centre
ZC Normal coordinate of the mean vortex centre
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σy Spanwise wandering amplitude
σz Normal wandering amplitude
e Wandering anisotropy parameter
σ1 Larger wandering amplitude along the principal axes
σ2 Smaller wandering amplitude along the principal axes
ECROSS = vw/σvσw Cross-correlation coefficient between V and W
evaluated at the mean vortex centre
5HP Five hole pressure probe
3HFP Three component hot film anemometer
Larm Length of the rotating arm
Lprobe Length of the 5HP from the connection to the rotating arm to the probe tip
γ 5HP pitch angle
Φ Rotation angle of the rotating arm
ω Rotation rate of the rotating arm
Vp Rotation velocity of the 5HP
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Tip-vortices spread from a large aircraft represent a significant hazard for other
aircrafts that follow in its wake. This phenomenon affects the separation distance
between aircrafts and, consequently, it remains a limiting factor on airports opera-
tion and capacity. Furthermore, the flow close to the wing-tip is significant for a
proper evaluation of aerodynamic loads, of the flight mechanics characteristics (i.e.
aileron control moment) and of the induced drag. In addition, a correct assessment
of tip-vortex velocity profiles is fundamental in the design of the ogee tips and
winglets.
A large amount of work regarding wing-tip vortices is present in the literature. [6]
proposed a vortex model, later improved by [33], assuming the flow-field to be two-
dimensional, inviscid and incompressible, the vortex to be isolated and the roll-up
to be orderly and sequential. From the Betz’s model [14] derived the relationship
between the span load and the vorticity wrapped in the tip vortex at a particular
radius. Obviously those models fail close to the vortex core, where the viscous
contributions become significant.
Recently, [16] have presented a very elucidatory large-eddy simulation of the
formation of the tip vortex from a rectangular NACA 2415 wing at a Re of 105.
They showed that two counter-rotating vorticity structures are already present on
the wing-tip in proximity of the leading edge, and that the tip vortex is the result of
a merging process between the main vortex and other secondary structures, either
co-rotating or counter-rotating with the main vortex. Downstream of the trailing
edge some weak secondary structures were still present around the vortex core.
From velocity measurements these secondary vorticity structures can be detected
from an abrupt change of the typical smooth trend of the vortex tangential velocity
profile and/or from the detection of more than one location of axial velocity deficit
or excess. Co-rotating secondary vorticity structures were experimentally observed
outside of the vortex core by [35], but they became much less evident with increasing
Re and wing angle of attack; their disappearance was probably due to the increased
shear stresses. Secondary vorticity structures were also found by [10] and [11]. [12]
attributed an inflection of the tangential velocity profile to a two-layered vorticity
structure: an inner core that grows with the downstream distance and an outer core
of approximately constant radius. Regarding delta-wings, [18] found smaller-scale
vortices generated by the Kelvin-Helmotz instability, which are convected around
the primary vortex via Biot-Savart induction.
After the early process of the formation of the vortex, the flow is constituted
by a vortex core and by the remainder of the wake, wrapped around the vortex
itself in an ever-increasing spiral. [12] characterized the shape of each cross-section
of the wake through a spiral defined as the locus of the peaks of the axial stress.
For each cross-section the vertical distance between the vortex centre and the most
downward point of the spiral was defined as ξ. ξ grows as the square root of the
downstream distance. When these spirals were normalized with ξ they became
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self-similar, which implies that the roll-up process is predominantly governed by
non-viscous contributions.
A model to represent the tangential flow generated by a fully developed turbulent
vortex was presented by [22]. They described trailing vortices using an analogy with
turbulent boundary layers, and divided the vortex in three regions: the inner part
is a region of solid body rotation, analogous to the laminar sublayer, where the
shear stresses are small and tangential inertia forces may be expected to dominate.
The following region is close to the peak tangential velocity, where the circulation
is well described by a logarithmic law, analogous to the law of the wall. Here the
tangential inertia forces are small but the shear stresses are large. Finally, in the
outer region a defect law is applied and it is analogous to the outer region of a
turbulent boundary layer. A good agreement with this model was found by [35],
who observed that the core radius increases with the square root of the downstream
distance from the origin of the vortex. Flight tests carried out by [29] were in
good agreement with this result and, additionally, the peak tangential velocity was
found to decrease approximately in inverse proportion to the square root of the
stream-wise distance, so as to keep the circulation of the core radius constant. [22]
observed that the radius of the vortex core, for given free-stream conditions, grows
linearly with the downstream distance. [28] found that the core radius of the vortex
generated by a NACA 0012 wing at a Re = 2.5÷ 3.5 105 is essentially constant as
the vortex travels downstream. [17] tested a NACA 66-209 model and found that
the core radius was fairly invariant with downstream distance, and that the peak
tangential velocity was roughly independent of both Re and downstream distance.
They deduced that the vortex was fully rolled-up and the vorticity diffusion was
extremely slow. [21] observed that the core radius grows with increasing angle
of attack, increasing downstream distance, and decreasing Re. Both [9] and [30]
tested a NACA 0015 rectangular planform and found the peak tangential velocity
to increase linearly with the angle of attack, without significant change in the core
radius.
An exhaustive discussion on the dynamics of a line vortex is given by [4]. He as-
sessed that two processes should be distinguished during the formation of a vortex:
the rolling-up of the sheet and the concentration of the vorticity into a smaller cross-
section: ”the former always occurs, whereas the latter seems not to be inevitable”.
Furthermore, a fully rolled-up vortex, travelling downstream, can modify the core
radius if acted upon by a decay due to viscosity. Proceeding downstream, the
slowing-down of the tangential motion leads to a positive axial pressure gradient
and consequently to a continual loss of axial momentum. The pressure in the core
increases and, by the conservation of mass, the core radius grows. The axial velo-
city defect at the vortex centre was found to vary as x−1log(x) and the core radius
to increase as x1/2. Regarding the axial velocity field generated by a NACA 0015
wing with a blunt tip, [9] distinguished two different situations: a wake flow for
angles of attack less than 9◦, where a defect of the axial velocity was found at the
vortex centre, and a jet flow for angles of attack above 9◦, where an excess of axial
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velocity was observed. This was confirmed by [30]. Analogously, [1] found that the
reversing between wake flow and jet flow occurs at an angle of attack of about 9◦
for a NACA 0015 half-wing with a blunt tip, whereas with a round tip the variation
occurs at about 5◦. [17] observed an excess of the axial velocity in the near-field at
x/c = 2 both for α = 10◦ (up to 2.2 U∞) and α = 5◦ (up to 1.6 U∞). Proceeding
downstream, x/c = 10, for α = 10◦ the axial velocity excess is reduced, whereas for
α = 5◦ it reverses in an axial velocity defect (0.6 U∞). Always a defect was found
by [35] (α = 5◦ and α = 10◦) and it became more intense increasing the angle of
attack and reducing Re.
Two features of trailing vortices make them challenging for most conventional
experimental measuring techniques:
- Probe Interference
- Wandering
Several authors have reported that tip vortices are sensitive to even very small
intrusive probes. For [2] and [17] the only techniques suitable for tip vortex mea-
surements are Laser Doppler Velocimetry (LDV ) and Particle Image Velocimetry
(PIV ), where the measurement interference is represented only by the seeding of
the flow. Conversely, [12] and [28] found probe interference to be an issue only if
the probe was pitched or yawed with respect to the stream-wise direction.
The second salient feature of tip vortices is Wandering. Wind-tunnel generated
vortices fluctuate slowly side-to-side at a specific downstream distance. This mean-
dering implies that any time-average Eulerian point measurement, carried out by
static measurement techniques, is actually a weighted average in both time and
space. That is, we would like to perform measurements in a frame of reference that
moves with the wandering vortex, whilst with static measurement techniques we
actually obtain an average vortex, hence a more diffuse and weaker one. [9] and
[11] compared measurements carried out by a fixed three sensor hot wire anemome-
ter with tests performed using a rapid scanning technique. The latter consists of
traversing an anemometer fixed on a rotating arm through the vortex core, to ena-
ble the latter to be considered roughly fixed during each scan. They found that
static measurements are very susceptible to wandering. Fluctuations of the axial
velocity signals were already observed by [17]. They found oscillation amplitudes of
the axial velocity as large as the free-stream velocity at the vortex centreline, and
these fluctuations fell rapidly with increasing distance from the centreline. For an
angle of attack of 10◦ the fluctuations consisted of both ”fast” and ”slow” compo-
nents, for 5◦ only of ”fast”. The unsteadiness in tangential velocity was less than
for the axial component, and it became larger moving downstream. [36] observed
by LDV measurements that the vortex seems to fluctuate primarily in the spanwise
direction and less in the normal one. Also [37] evaluated wandering characteristics
based on PIV data; they concluded that the wandering amplitude was comparable
with the core radius and the maximum rate of wandering was roughly 4% of the
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free-stream velocity. Regarding delta wings, [18] attributed the random displace-
ments of the vortex to the non-linear interaction of several small-scale vortices,
generated by the Kelvin-Helmotz instability, with the primary vortex core.
[24] proposed four possible causes for wandering: the vortex could be un-stabilized
by wind-tunnel unsteadiness, turbulence in the surrounding shear layer, co-operative
instabilities or propagation of unsteadiness from the model. They showed that wan-
dering was apparently insensitive to the free-stream unsteadiness.
Surely, the strong point of the survey on wing-tip vortex wandering is the work
of [12]. They described wandering motion by a bi-variate normal probability den-
sity function, even though the authors did not support this hypothesis with any
experimental data. For this method the vortex is assumed to be axisymmetric,
the wandering independent of any turbulent motion, and velocities associated with
the wandering itself negligible in comparison with those generated by the vortex.
Obviously, all these hypotheses are not generally confirmed except for particular
circumstances. With these assumptions, the mean velocity components and the
mean Reynolds stresses, which correspond to the experimental data measured with
static techniques, were expressed as the convolution of the actual field of those
quantities with the bi-variate probability density function which represents the
wandering (the fundamental calculations are reported in the Appendix). Further-
more, to solve the convolution integrals analytically, the axial velocity profiles and
the axial vorticity are fitted by sums of Gaussian functions; this is not always ex-
perimentally possible (due, e.g., to the presence of secondary vorticity structures)
and, in addition, it is known that the tangential velocity profile of a fully rolled-up
vortex is better represented by different models as, e.g., the Hoffmann & Joubert’s
model. In summary, the fitting of the measured average velocity profiles by gaus-
sian functions may be a non-negligible error source, and possible flow asymmetries
are not taken into account.
The bi-variate normal probability density function, which represents wandering,
is characterized by two wandering amplitudes (σy and σz, for the spanwise and nor-
mal direction, respectively), and a non-isotropy parameter e. The latter represents
the orientation of the principal axes of the vortex oscillation with respect to the
frame of reference. σy and σz are evaluated by dividing the root mean square value
of the normal and spanwise velocities, respectively, with the tangential velocity gra-
dient measured at the mean vortex centre. Obviously, those quantities are a good
index of the wandering amplitudes in both directions, but the authors did not sup-
port this hypothesis with any explanation or numerical simulation. The anisotropy
parameter e is evaluated through the cross-correlation coefficient between the V and
W velocity components, measured at the mean vortex centre. The authors did not
explain how this quantity could be correlated with the directions of the principal
axes of the motion of the vortex and how the latter were evaluated. The preferred
direction of wandering was observed by [12] to be between 53◦ and 69◦ in all cases,
measured from the normal to the spanwise direction. The wandering amplitude
was found to increase roughly as the square root of the downstream distance; from
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10% of the core radius up to 35% moving downstream from 5 to 35 chordlengths.
Wandering was responsible for 12% and 15% errors in the measured core radius
and peak tangential velocity, respectively. The wandering amplitudes grew with
increasing free-stream velocity, probably due to the increased wake turbulence, but
it decreased with growing angle of attack. They assessed that the most important
source of wandering is wind-tunnel unsteadiness, consequently, wandering decreases
as the strength of the vortex is increased.
Conversely, [32] showed that wandering amplitudes grow by increasing the angle
of attack, which is opposite to the finding of [12]. The flow separation at the higher
angles of attack contributed to the increasing in wandering.
Moreover, [12] found, by a spectral analysis, that velocity spectra collapsed when
normalized with velocity and length parameters defined on the wake characteristics,
concluding, supported by all the velocity spectra, that the vortex core is free of
any turbulent motion. Furthermore, in [13] it was found that outside the core
the tangential velocity spectra contain a single maximum at a non-dimensional
frequency of about 20 (corresponding to a wavelength almost equal to the core
radius), which was attributed to the passage frequency of large spanwise oriented
eddies. Analogous spectral characteristics were found by [3] and [5]. [13] attributed
the high spectral levels at non-dimensional frequencies lower than 20 to wandering.
Frequencies greater than 200 revealed the laminar nature of the flow in the vortex
core. The spectral range between 20 and 200 was attributed to the buffeting of
the core produced by the surrounding wake turbulence. An analogous analysis was
performed by [5], but the threshold frequencies were 0.2 and 2 for the wandering
domain, the latter corresponding to a wavelength roughly equal to the vortex core
diameter. For the buffeting generated by the surrounding wake the spectral range
was defined to be between 2 up to 20 .
[20] evaluated wandering effects by re-centering PIV data. They assessed that the
[12]’s assumption of using a bi-variate normal probability density function could
be valid, and their corrections were in good agreement with those predicted by
the [12] method. They found a 12.5% over-prediction of the core radius and 6%
under-prediction of the peak tangential velocity. The errors were greater for lower
angles of attack. They also found that the wandering magnitude increases linearly
with streamwise distance; a linear reduction was found by increasing the angle of
attack, hence they concluded that the mechanism responsible for wandering is not
self induced, as proposed by [32], but rather the vortex is responding to an external
influence, for example the background turbulence level, and the tip vortex becomes
less susceptible as the vortex strength is increased.
The main objective of the present investigation is to evaluate the wandering
smoothing effects on static measurements and to characterize the wandering de-
pendency on flow conditions and downstream distance from the wing. Firstly, it
was analysed the possibility of characterizing wandering from static measurements,
and then to correct the velocity field and the Reynolds stresses, measured by static
measuring techniques, in order to evaluate the actual ones. The wandering of a
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Lamb-Oseen vortex is simulated numerically. Preliminarily, the simulations were
executed for a 1D case and then for a 2D case. The vortex centre is moved in order
to represents the vortex centre locations by a bi-variate probability density func-
tion. For each analysed condition 1500 vortex centres positions generated with the
statistic software R1 are simulated. The numerical simulations show that wander-
ing amplitudes are well evaluated from the ratio between the RMS value and the
slope of the tangential velocity measured at the mean vortex centre. It is also found
that errors on the prediction of wandering amplitudes are negligible for wander-
ing amplitudes smaller than 60% of the core radius, but errors become significant
(about 35% over-prediction with respect to the actual value) for wandering ampli-
tudes comparable to the core radius. Furthermore, from the numerical simulations
it is demonstrated that it is possible to evaluate the orientation of the principal axes
of wandering from the opposite value of the cross-correlation coefficient between
the spanwise and the normal velocity components measured at the mean vortex
centre.
The numerical simulations show that the mean velocity field, affected by wan-
dering effects, is essentially equal to the convolution of the actual velocity field
of the Lamb-Oseen vortex with the bi-variate probability density function, which
represents the vortex wandering, except for some differences at the locations close
to the boundary of the computational space domain. Consequently, the correction
of wandering effects on the mean velocity field consists of the deconvolution of
the latter with the bi-variate probability density function that represents the vor-
tex wandering. The wandering effects correction is performed using four different
algorithms:
- the Van Cittert algorithm
- the Richardson-Lucy algorithm
- the blind deconvolution
- a numerical direct deconvolution in the Fourier domain
These methods perform a roughly exact correction for wandering amplitudes smaller
than 60% of the core radius, but errors become significant with increased wander-
ing amplitudes (e.g. for wandering amplitudes equal to the core radius the error
is 15% of the actual value on the correction of the peak tangential velocity). The
advantage of all the methods consists in avoiding any hypotheses of axis-symmetry
and/or on the shape of the flow field; consequently, they avoid errors due to the
fitting of the measured data.
Successively, an experimental campaign was performed regarding the tip vortex
generated from a NACA 0012 half-wing model. Preliminary flow visualizations,
1R is a free software environment for statistical computing. It can be accessed through the World
Wide Web at http://www.r-project.org.
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with a laser sheet and injected smoke, were carried out in order to qualitatively
analyse the roll-up process of the vortex and to characterize the vortex wandering.
Then, static measurements were carried out with a five hole pressure probe (denoted
as 5HP in the following) and with a triple sensor hot film anemometer (3HFP ).
Subsequently, rapid scanning was performed with a five hole pressure probe. The
aim of this measuring technique is to achieve velocity signals theoretically not
affected by wandering with scans performed sufficiently fast through the vortex
core in order to consider the vortex itself fixed during each scan. Furthermore,
these tests allow the experimental distributions of the vortex centre locations in
cross-plane to be obtained. The comparison of the rapid scanning data corrected
for wandering with static measurements carried out through a three component
hot film probe and through a five hole probe allowed to evaluate the wandering
smoothing effects on static measurements.
Wandering was found to be properly represented through a bi-variate normal
probability density function, and the wandering amplitude in the spanwise direction
was found to be generally larger than the normal one. Tests were performed to
investigate on the behaviour of the wandering by varying the streamwise distance,
the wing angle of attack or the Reynolds number. Firstly, wandering was found to
be not a self-induced phenomenon, as proposed by [32], as its amplitude was reduced
with increasing vortex strength. Conversely, it seems that the vortex strength
is the principal vortex parameter to control the wandering, indeed neither the
downstream distance, the wing angle of attack and the free-stream velocity have
an absolute influence on the wandering. In other words, the wandering amplitudes
can be reduced by increasing the wing angle of attack, the free-stream velocity, or
reducing the streamwise distance from the wing, but if the vortex is sufficiently
strong it may be completely insensitive to the variation of these parameters. All
the tests were performed with the same turbulence level of the free-stream, and
thus it might be more suitable affirming that the principal parameter controlling
the wandering could be the ratio between the strength of the vortex and the free-
stream turbulence level.
This chapter is organized as follows. The facility and the tested model are de-
scribed in Section 3.2. We summarize all flow visualizations in Section 3.3. The
analysis of the flow fields obtained from the Five Hole Probe static measurements
is reported in Section 3.4. The numerical simulations of the wandering of a Lamb-
Oseen vortex are presented in Section 3.5.1 and the assessment of the methods
to correct wandering effects on static measurements, through the numerical sim-
ulations data, is reported in Section 3.5.2. Then, the application of the whole
procedure to characterize wandering from static measurements and to correct for
wandering effects the mean flow field obtained from the 5HP static measurements
is described in Section 3.5.3. The rapid scanning setup and the relative procedures
used to process the velocity signals are described in Section 3.6. The static hot wire
measurements and the respective data analysis are reported in Section 3.7. The
wandering analysis is presented in Section 3.8 for the tests performed to investigate
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on the streamwise behaviour of wandering, and on its angle of attack or Reynolds
number dependency. A brief analysis of secondary vorticity structures surrounding
the main vortex is also provided in that section. Finally, conclusions and recom-
mendations are provided in Section 3.9. In addition, the fundamental calculations
of the correction method proposed by [12] are reported in the Appendix.
3.2 The facility
The tests were performed in the Two Meter Wind Tunnel at the DPSS operating
unit of the CSIR in Pretoria (RSA). This facility is an open-circuit, open test
section low-speed wind tunnel with a test section diameter of 1.7 m, a length of
2.55 m and a speed range between 3 and 33 m/s. The dynamic pressure in the
wind tunnel testing chamber was measured through a Pitot probe connected to a
transducer Setra 239, while the free-stream static pressure was measured through
a transducer Huba Control 15T80 and the static temperature through a probe
Wika Instruments LTD 10− 1100. All the signals were acquired through a data
acquisition system NI PXI 6052E.
Several tests were carried out with a single component hot-wire anemometer in
order to characterize the free-stream. The probe used was a 1210 − T1.5 TSI,
calibrated in situ with a velocity range between 5 and 30 m/s. Measurements were
performed with a sampling frequency of 1 kHz and a sampling period of 33 s, and
the calibration was performed by fitting the data with a fourth order polynomial
equation. To evaluate the calibration accuracy the normalized standard deviation
value was used, defined as:
εu =
(
1
N
N∑
i=1
(
1− U
i
R
U iC
)2) 12
where N is the number of free-stream velocity values tested, UR is the velocity
value calculated using the dynamic pressure, static pressure and static temperature
measured in the testing chamber, UC is the velocity calculated with the calibration
curve from the raw anemometer data. Using 13 evenly spaced free-stream velocity
values, a value εu = 1.24% was obtained, which is sufficiently accurate, as suggested
in [8]. By several measurements performed along the test section axis, a free-stream
turbulence level lower than 0.75% was found for velocities higher than 5 m/s, with
a small negative axial pressure gradient (dCP /dx = −0.9% m−1).
The tested model was a zero-sweep, untwisted half-wing with NACA 0012 cross-
sections, blunt tip, aspect ratio of 5.7 and taper ratio 0.4. The wing semi-span was
0.7 m and the mean geometric chord c was 0.245 m. In all the tests no boundary
layer trip was used on the model. The model was mounted in a vertical position
on a base plate. A mechanical apparatus allows the variation of the angle of
attack. The origin of the reference frame was located at the wing-tip trailing edge;
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the x -axis was chosen in the free-stream direction and the y-axis in the spanwise
direction, positive from the root to the tip. The z direction was consequently
defined, producing a clockwise frame of reference (Fig. 3.1). The wind tunnel was
Figure 3.1 Sketch of the wind-tunnel and of the frame of reference.
provided of a traversing apparatus which allows to move the probes along the axes
of the adopted frame of reference.
3.3 Flow Visualizations
The objective of the flow visualizations was to analyse the roll-up process of the
vortex and to achieve qualitative knowledge about the vortex shape and trajectory.
Particular attention was payed to the wandering of the vortex and to the dynamics
present in the flow field.
Flow visualizations were conducted using a laser sheet generated by a cylindrical
lens from a 8 Watt Argon Ion Laser. To visualize the vortex, smoke was injected
into the flow at a position upstream of the wing, from the high-pressure side. Both
still photographs and videos were taken.
In order to evaluate the evolution of the vortex travelling downstream, the laser
sheet was moved from the wing up to six and a half chord-lengths downstream of
the trailing edge (x/c = 6.5). The tests were carried out at free-stream velocities
of 5, 10 and 15 m/s and with angles of attack of 2◦, 8◦ and 12◦. Only the photos
regarding the condition U∞ = 10 m/s and α = 8◦ are showed in the present work
(Fig. 3.2).
The flow field is constituted by a nucleus of concentrated vorticity wrapped by
the remainder of the wake in an ever increasing spiral. This spiral-like roll-up of the
wake is highly three-dimensional. For all the analysed conditions the wake cross-
section becomes larger proceeding downstream, so that the normal distance between
the vortex centre and the lowest point of the wake increases and the patches of
smoke, which wrap the vortex, are present in a more extended area. From the videos
it was observed that travelling downstream the vortex centre always moves inboard.
Furthermore, the vortex seems to have abrupt displacements, predominantly in the
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x/c = 0.02 x/c = 0.18
x/c = 0.66 x/c = 1
x/c = 1.5 x/c = 5
Figure 3.2 Flow visualization moving the laser sheet in the downstream direction;
condition U∞ = 10 m/s and α = 8◦.
spanwise direction, like an instability phenomenon, rather than oscillating regularly.
Both the amplitude of the displacements and their rate of occurrence increased by
proceeding downstream.
The second test series was carried out using the laser sheet in a fixed position,
orthogonal to the free-stream direction (x/c = 0.66 and x/c = 5), and changing the
wing angle of attack from 0◦ up to 20◦. The free-stream velocities tested were 5,
10 and 15 m/s. The photos regarding the condition U∞ = 15 m/s and x/c = 0.66
are presented in Fig. 3.4. From the videos the wandering was confirmed to be not
a regular oscillation but rather an abrupt instability, and to be more evident for
angles of attack close to the wing-stall where, probably, the flow separated at high
incidences generates a flow instability.
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Some visualizations were carried out to assess the effect of probe interference
using a dummy probe. These visualizations were performed for all the conditions
tested in the present experimental campaign. It was concluded that probe inter-
ference was negligible for probe pitch and yaw angle of 0◦ (Fig. 3.5).
Other visualizations were carried out, even though not strictly related to the
tip-vortex survey. For instance, the interaction of the vortex with a winglet was
visualized (Fig. 3.3). All the flow visualization photos and videos may be accessed
on the World Wide Web at
http : //dottorato.dia.ing.unipi.it/Dottorandi/schedaDott.asp?id = 10
Figure 3.3 Flow visualization of the interaction of the tip vortex with a winglet
(View from upstream to downstream in correspondence of the wing
tip).
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α = 2◦ α = 4◦
α = 8◦ α = 10◦
α = 12◦ α = 14◦
Figure 3.4 Flow visualization varying the angle of attack; condition U∞ = 15 m/s
and x/c = 0.66.
Figure 3.5 Flow visualization performed to assess that probe interference is negli-
gible.
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3.4 Five hole probe static measurements
The analysis of the 5HP static measurements is now presented. Firstly, the mean
flow field was investigated to survey the roll-up process of the vortex and then a sta-
tistical and spectral analysis of the data was performed to qualitatively characterize
the vortex wandering.
3.4.1 Setup and five hole probe calibration
Static measurements were performed with a Five Hole pressure Probe (5HP) built
by Aeroprobe Corporation Blacksburg, Virginia, USA. The probe external diameter
was 3 mm and the distance between two opposite taps was about 1.5 mm. The
pressure transducers were connected to each orifice with 30 mm length tubes. The
5HP calibration was carried out in an appropriate facility of CSIR, which is a
subsonic, open circuit, low turbulence, closed test section wind tunnel. The working
section is octagonal, with edges of 0.61m and a length of 0.74m, and an electric fan
generates an air flow speed between 5 and 35 m/s. During the tests the probe was
mounted on its holder, and the whole system was fixed to a vertical wing-support.
All the instrumentation was positioned vertically downstream of the model on an
automated traversing apparatus.
The calibration of the 5HP transducers was carried out as sketched in Fig. 3.6. A
pressure measured through a water manometer was applied to the input-port of each
transducer, while the other port of each differential transducer was disconnected.
Pressure values from 100 up to 1000 Pa were applied. Then, the raw data were
fitted through a linear equation.
Figure 3.6 Sketch of the calibration of the 5HP transducers.
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The calibration procedure for the 5HP was derived from the calibration method
of a seven hole probe proposed by [15]. The adaptation of this method to a five
hole probe did not need any particular effort. The method provides a differentiation
between low and high flow angles of attack, (i.e. angles between the flow direction
and the probe axis lower or higher than about 30◦). With this method the probe
is considered to be divided into five sectors, as sketched in Fig. 3.7.
Figure 3.7 Sketch of the 5HP sectors adopted for the calibration method.
For low flow angles it is possible to define a set of parameters which can represent
the flow characteristics at a generic measurement point. From Fig. 3.7 it is clear
that the coefficient sensitive to the angle of attack could be defined as:
Cα =
P4 − P2
P1 − P 2,3,4,5
The numerator is function only of the pressures measured at taps 4 and 2, which are
the only ones influenced by the variation of the angle of attack. The denominator
is the apparent dynamic pressure, evaluated as the difference between the pseudo-
total pressure measured at tap 1 and the pseudo-static pressure represented by the
mean of the other azimuthal taps pressures. Similarly, for the sideslip angle we
have:
Cβ =
P3 − P5
P1 − P 2,3,4,5
An evaluation of the axial velocity can be obtained as follows:
C0 =
P1 − P0
P1 − P 2,3,4,5
where P0 is the free-stream total pressure. The non-dimensional ratio between the
local dynamic pressure and the free-stream dynamic pressure is evaluated as:
Cq =
P1 − P 2,3,4,5
P0 − P∞
100
3.4 Five hole probe static measurements
where P∞ is the free-stream static pressure. At high angles of attack all the co-
efficients are defined by using as P1 the tap pressure with the greatest value, and
as P 2,3,4,5 only the taps in the attached flow, that is all the azimuthal ones except
the port opposite to the tap with the greatest pressure, because in the separated
flow region the taps are insensitive to variations in flow angularity. The calibration
matrix can be generated from the measurements of these coefficients for different
values of pitch and yaw angle.
The calibration tests were carried out at free-stream velocity values of 5, 10, 20
and 30 m/s. For each value four runs were performed, and each run provided all
the data to produce a calibration matrix. The yaw angle of the probe was varied
from 0◦ up to 50◦, with increments of 5◦. For each position the probe was rolled
from −180◦ up to 180◦ with step of 10◦. A typical result is shown in Fig. 3.8 from
which the calibration matrix was evaluated.
Figure 3.8 Measurements carried out for the 5HP calibration; condition U∞ =
20 m/s, tap n. 2.
3.4.2 Measurement conditions and locations
Measurement grids were performed in planes perpendicular to the direction of the
free-stream velocity in order to analyse the overall wake cross-section. For these
measurements the space-step between each measurement point was constant and it
was set from 2 mm up to 6 mm, depending on the stream-wise position. For these
tests the data sampling rate was 1 kHz and the total sampling time was 5 s. for
each measurement point.
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Furthermore, traverses through the vortex centre, both in the spanwise and nor-
mal directions, were executed in order to obtain more detailed velocity profiles.
The space-step between consecutive points was set to 0.5 mm and the sampling
rate was 2 kHz, but the total sampling time was 33 s. for each measurement. A
longer sampling time was necessary to achieve an adequate statistic and spectral
characterization of the wandering phenomenon from static measurements.
Three main test series were performed: the goal of the first one was to analyse
the evolution of the vortex proceeding downstream. For these tests the wing angle
of attack was set at 8◦, the free-stream velocity at 10 m/s, corresponding to a
Reynolds number of Re = U∞c/ν ∼= 169000, and the stream-wise positions ranged
from 0.1c up to 6c. The second test series was carried out in order to evaluate the
effects of the variation of the angle of attack, with U∞ = 10 m/s, x/c = 6 and the
angle of attack set at 4◦, 8◦ and 12◦. Finally, to evaluate the Re-dependency of
the vortex, tests were performed by positioning the model at α = 8◦, x/c = 6 and
the free-stream at 10, 20 and 30 m/s. In Tab. 3.1 all measured conditions and
locations are reported.
3.4.3 Mean flow field
Downstream Variation
In Fig. 3.9-a the cross-flow field generated by the vortex is reported for the condition
U∞ = 10 m/s, α = 8◦ and x/c = 1. The vortex is definitely not axisymmetric, and
a) b)
Figure 3.9 Condition α = 8◦, U∞ = 10 m/s, x/c = 1: a) cross-flow field√
V 2 +W 2; b) non-dimensional axial vorticity ωx · c/U∞.
this is more evident from the data obtained from the traverses (Fig. 3.10); the peak
tangential velocity is seen to increase, referring to the mean vortex centre location,
moving from negative z -values to the positive y-values, and to the positive z -values
and finally negative y-values. This counter clock-wise motion, which is induced by
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No α U∞ x/c Step
G 01 8◦ 10 m/s 0.1 2 mm
G 02 8◦ 10 m/s 0.33 2 mm
G 03 8◦ 10 m/s 0.66 2 mm
G 04 8◦ 10 m/s 1 2 mm
G 05 8◦ 10 m/s 1.5 2 mm
G 06 8◦ 10 m/s 2 4 mm
G 07 8◦ 10 m/s 3 4 mm
G 08 8◦ 10 m/s 4 4 mm
G 09 8◦ 10 m/s 5 4 mm
G 10 8◦ 10 m/s 6 4 mm
G 11 8◦ 20 m/s 0.66 2 mm
G 12 8◦ 20 m/s 1 2 mm
G 13 8◦ 20 m/s 6 6 mm
G 14 8◦ 30 m/s 6 6 mm
G 15 4◦ 10 m/s 6 6 mm
G 16 12◦ 10 m/s 6 6 mm
Table 3.1 Test Matrix of the present experimental campaign.
the roll-up of the wake, seems to accelerate the tangential motion of the vortex
along a spiral path.
Figure 3.11 shows the tangential velocity profiles measured along the spanwise
and normal directions. Proceeding downstream the peak tangential velocity de-
creases, and this could suggest that a diffusion process is taking place. However,
rather than a vorticity diffusion effect it seems that the velocity profiles are altered
by a smoothing effect especially for the positions downstream of x/c = 2. Indeed,
the transformed shape of the profiles might be the result of an smoothing effect
generated by the vortex wandering. This effect is more evident for the spanwise ve-
locity profiles; indeed, this direction is more affected by wandering than the normal
direction, as observed from the visualizations and from several works cited in Sec-
tion 3.1. Therefore, it is necessary to quantify the effects of wandering on the static
measurements to evaluate the actual flow field of the vortex and, consequently, the
rate of diffusion of the vortex.
The peak tangential velocity V1, the core radius r1 and the vortex centre can be
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Figure 3.10 Tangential velocity measured by traverses at condition α = 8◦, U∞ =
10 m/s, x/c = 1.
a) b)
Figure 3.11 Tangential velocity profiles for different locations at condition α = 8◦,
U∞ = 10 m/s: a) spanwise direction; b) normal direction.
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Figure 3.12 Tangential velocity and skewness of the tangential velocity at the con-
dition α = 8◦, U∞ = 10 m/s, x/c = 1.
directly evaluated from the tangential velocity measurements. The estimation of V1
and r1 is based on the evaluation of the maximum of the modulus of the tangential
velocity and its relative location, respectively; the vortex centre is the location of
the minimum modulus of that velocity component. In addition V1 and r1 can be
evaluated from the skewness (the third order statistic moment) of the tangential
velocity. As shown in Fig. 3.12, the skewness modulus presents a maximum in
correspondence of the core radius and is roughly zero at the core centre. Using
the skewness of the tangential velocity can be very useful when velocity profiles
are highly affected by wandering. The characterization of the vortex core was also
carried out using the model proposed by [22], and a good agreement of this method
with the mean circulation obtained from the traverses was found, especially close
to the peak tangential velocity location. As already explained in Section 3.1, the
circulation is formulated through the following equations:
• Solid body rotation region:
Γ
Γ0
= A
(r
c
)2
• Logarithmic region:
Γ
Γ0
= B log
(r
c
)
+ C
• Defect region:
log
(
1− Γ
Γ0
)
= D
(r
c
)
+E
The coefficient A is proportional to the slope of the tangential velocity profile at
the vortex centre and B represents the percentage of the theoretical circulation at
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the wing root Γ0 rolled-up in the core radius. In Tab. 3.2 the fitting coefficients are
reported for all the analysed conditions. In Fig. 3.13-a the peaks of the tangential
α[deg] U∞[m/s] x/c A B C D E
8 10 1 317.9 0.2834 1.23 -4.945 -0.2391
8 10 1.5 300.3 0.2705 1.159 -4.614 -0.1859
8 10 2 300.6 0.2347 1.032 -3.758 -0.2458
8 10 3 185.1 0.2452 1.019 -3.878 -0.2033
8 10 5 169.2 0.1903 0.8015 -4.894 -0.04755
8 10 6 97.13 0.1999 0.7824 -4.837 0.03483
Table 3.2 Fitting coefficients for the Hoffmann & Joubert’s model of the tested
locations.
velocity V1 calculated from the measurement grids, the traverses and Hoffmann &
Joubert’s method are shown. The peak tangential velocity values obtained from
the measurement grids and from each direction of the traverses are slightly different
due to the asymmetry of the vortex, as already pointed out. There is an abrupt
reduction of V1 between x/c = 1 and x/c = 2, and proceeding downstream V1
varies roughly inversely to the square root of the stream-wise distance, in good
agreement with the findings of [29]. At variance with the latter and with [35], the
core radius r1 does not grow as the square root of the stream-wise distance, but
with a much lower rate (Fig. 3.13-b). This behavior may be in contradiction to
a) b)
Figure 3.13 Condition α = 8◦, U∞ = 10 m/s: a) Peak tangential velocity V1/U∞;
b) Core radius r1/c.
what was predicted by [4], where a reduction of the peak tangential velocity, due to
the vorticity diffusion, implies the same rate increase of the core radius due to the
conservation of mass law. This would support the idea that this apparent diffusion
of the vortex might be the result of a smoothing effect due to wandering.
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A similar analysis may be formulated from the axial vorticity data. In Fig. 3.9-b
the mean non-dimensional streamwise vorticity ωxc/U∞, obtained by differentiating
the grid data, has been presented for the condition α = 8◦, U∞ = 10 m/s and
x/c = 1. In proximity of the vortex core it generally has a gaussian shape and it
becomes more axisymmetric by moving downstream. In Fig. 3.14 the peak axial
vorticity is plotted as a function of the streamwise distance. The vortex can be
considered fully rolled-up at x/c = 0.66, then an analogous change to that of
the peak tangential velocity occurs: the peak axial vorticity is abruptly reduced
between x/c = 1 and x/c = 2, and then varies inversely to the square root of the
stream-wise distance. Concluding, it seems that the roll-up process of the wake
into the vortex might be considered completed at a downstream distance of about
x/c = 0.66, and then proceeding downstream the diffusion and/or the wandering
of the vortex may occur. It is fundamental now to know the wandering amplitudes
and its rate of occurrence, for each location, in order to assess the actual diffusion
of the vortex.
Figure 3.14 Peak of the non-dimensional axial vorticity component ωxc/U∞ as a
function of the streamwise distance; condition α = 8◦, U∞ = 10 m/s.
The circulation rolled-up into the vortex was calculated from the measurement
grids on circular paths centered at the vortex centre, and was then compared with
the prediction derived from the non-viscous model proposed by [14] (Fig. 3.15). As
expected, the latter has a better agreement with the data far from the vortex core
(r1/c = 0.035÷ 0.054), where viscous effects become negligible.
Considering the axial velocity field, a defect is generally observed in correspon-
dence to a vorticity core. In Fig. 3.16-a, corresponding to the position x/c = 0.1,
several small scale vorticity structures are present; those structures wind from the
wake around the main vortex, and proceeding downstream they become less in-
tense and disappear. From the traverses, detecting those secondary structures is
difficult, but a main axial velocity defect is generally discernable at the vortex cen-
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Figure 3.15 Circulation evaluated on circular paths from the measurement grids;
condition α = 8◦, U∞ = 10 m/s.
a) b) c)
Figure 3.16 Axial velocity field for the condition α = 8◦, U∞ = 10 m/s: a) x/c =
0.1; b) x/c = 0.33; c) x/c = 1.
tre (Fig. 3.17). An abrupt reduction of the axial velocity defect measured at the
vortex centre occurs at x/c = 1, and proceeding more downstream it remains fairly
invariant (Fig. 3.18). As already explained for the tangential velocity field, this
characteristic could be due to the end of the roll-up process and to the beginning
of vortex diffusion or, more probably, to a smoothing effect generated by wander-
ing. Moreover, overshoots of the axial velocity are generally observed at a radial
distance from the vortex centre comparable with the core radius, but they become
less intense by proceeding downstream.
Considering now the vortex centre trajectory, it was found that the vortex centre
location, defined from the tangential velocity field as already explained, always
moves inboard, with displacements roughly proportional to the square root of the
streamwise distance, in good agreement with the findings of [12] (Fig. 3.19).
In order to analyse the shape of each wake cross-section, a wake centreline was
defined as locus of the peaks of the Reynolds axial stress, as proposed by [12].
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a) b)
Figure 3.17 Axial velocity profiles at condition α = 8◦, U∞ = 10m/s: a) Spanwise
direction; b) normal direction.
Figure 3.18 Non-dimensional axial velocity defect at the vortex centre as a function
of the streamwise distance; condition α = 8◦, U∞ = 10 m/s.
Figure 3.19 Vortex centre trajectory as a function of the streamwise distance for
the condition α = 8◦, U∞ = 10 m/s.
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All those centerlines are spiral-shaped (Fig. 3.20-a). However, we found that the
centerlines can be defined, probably with less uncertainness, from the skewness
of the axial velocity U . Indeed, each point of a centreline corresponds to a local
maximum of this parameter, as can be observed from Fig. 3.21. For each cross-
section the vertical distance between the vortex centre and the most downward
point of the centreline was defined as ξ. In Fig. 3.22 this parameter is plotted as a
function of the streamwise distance; it grows as the square root of the streamwise
distance and when the centerlines were normalized with ξ they become roughly
self-similar, as found by [12] (Fig. 3.20-b), except for the locations x/c = 0.1 and
x/c = 0.33, where the vortex is not yet well rolled-up.
a) b)
Figure 3.20 Condition α = 8◦, U∞ = 10 m/s: a) Wake centerlines defined as locus
of the peak axial stress; b) Wake centerlines normalized with ξ.
Figure 3.21 Skewness of the axial velocity at condition α = 8◦, U∞ = 10 m/s,
x/c = 5.
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Figure 3.22 Vertical distance between the vortex centre and the most downward
point of the centerline ξ as a function of the streamwise distance at
condition α = 8◦, U∞ = 10 m/s.
The roll-up process of the wake into the vortex is understandable from the analy-
sis of the cross-correlation coefficients between the axial velocity and the horizontal
or vertical velocities. In Fig. 3.23 the maps of those coefficients are reported with a
grey scale where the color white indicates the value 1 and the black the value −1;
the iso-contours relative to the value zero are reported with a solid line. The arrows
reported in Fig. 3.23 show that an increase of the axial velocity due to the roll-up
process generates a thinning and a stretching of the wake along its centreline.
Finally, the vortex characteristics are reported for all the analysed locations in
Tab. 3.3.
a) b)
Figure 3.23 Cross-correlation coefficients for the condition α = 8◦, U∞ = 10 m/s,
x/c = 5: a) uv/σuσv; b) uw/σuσw. The black points represent the
wake centreline.
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Re α x/c r1/c Vθ1/U∞ UD/U∞ Γ1/Γ0 Γ1/ν UD/Vθ1
169000 8◦ 0.1 0.0294 0.58 0.373 0.346 18100 0.643
169000 8◦ 0.33 0.0337 0.576 0.221 0.393 20600 0.384
169000 8◦ 0.66 0.0408 0.569 0.205 0.471 24600 0.360
169000 8◦ 1 0.0354 0.395 0.119 0.283 14800 0.301
169000 8◦ 1.5 0.0374 0.356 0.124 0.270 14200 0.348
169000 8◦ 2 0.0335 0.346 0.046 0.235 12300 0.132
169000 8◦ 3 0.0426 0.284 0.101 0.245 12800 0.356
169000 8◦ 4 0.0365 0.268 0.108 0.199 10400 0.402
169000 8◦ 5 0.0403 0.233 0.069 0.190 9970 0.297
169000 8◦ 6 0.0543 0.182 0.098 0.2 10500 0.541
Table 3.3 The vortex parameters for the analysed locations.
Effects of the variation of the angle of attack
Three values of the wing angle of attack were investigated in order to analyse the
influence of the incidence on the roll-up and on the wandering of the vortex: the
angle of attack was set to 4◦, 8◦, and 12◦. The tests were performed with a free-
stream velocity of 10m/s and at the location x/c = 6. In Fig. 3.24 the axial velocity
profiles and the cross velocity profiles measured by the traverses are plotted.
a) b)
Figure 3.24 Traverse data measured at different values of the angle of attack. Con-
dition U∞ = 10 m/s and x/c = 6: a) non-dimensional cross-flow
component Vθ/U∞; b) axial velocity field (U − U∞)/U∞.
The circulation was fitted through Hoffmann & Joubert’s model and the fit-
ting coefficients are reported in Tab. 3.4. The coefficient A shows how the vortex
strength grows with increasing angle of attack.
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α[deg] U∞[m/s] x/c A B C D E
4 10 6 92.61 0.2868 1.04 -6.377 0.1659
8 10 6 97.13 0.1999 0.7824 -4.837 0.0348
12 10 6 130.5 0.2072 0.8327 -1.12 -0.4242
Table 3.4 Fitting coefficients of Hoffmann & Joubert’s model for the tested angles
of attack.
The vortex parameters for each angle of attack are reported in Tab. 3.5. The
peak cross-velocity increases linearly with the angle of attack whilst the core radius
slightly decreases. An analogous result was already observed by [9], [30] and [21],
whereas for [12] the core radius and the peak tangential velocity increase roughly
at the same rate.
Re α x/c r1/c Vθ1/U∞ UD/U∞ Γ1/Γ0 Γ1/ν UD/Vθ1
169000 4◦ 6 0.0723 0.098 0.098 0.287 7550 0.997
169000 8◦ 6 0.0543 0.182 0.098 0.2 10500 0.539
169000 12◦ 6 0.0488 0.297 0.015 0.207 15400 0.05
Table 3.5 The vortex parameters for the tested angles of attack.
The axial velocity field is almost unchanged by varying the angle of attack from
α = 4◦ to α = 8◦, whereas for α = 12◦ the usual axial velocity deficit, in corre-
spondence of the vortex centre, is practically absent.
a) b)
Figure 3.25 Vortex centre location as a function of the angle of attack. Condi-
tion U∞ = 10 m/s and x/c = 6: a) spanwise coordinate; b) normal
coordinate.
As already pointed out, the strength of the vortex grows with increased angle of
attack, so that the velocity field induced by the vortex is stronger. Consequently,
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the vortex centre moves slightly inboard, while it moves linearly downwards in the
normal direction (Fig. 3.25).
Reynolds number effects
The tests to evaluate the vortex dependency on the Reynolds number were carried
out with the free-stream velocity set to 10, 20 and 30 m/s. The wing angle of
attack was 8◦ and the measurements were performed at the location x/c = 6.
The roll-up of the vortex seems to be Re-independent, as the mean vortex centre
locations and the wake centerlines are roughly invariant by changing the free-stream
velocity. The effects of the Reynolds number are mainly located in correspondence
of the vortex core, where the viscous contributions are predominant.
The measured velocity fields are reported in Fig. 3.26. Firstly, a greater scatter
a) b)
Figure 3.26 Flow field measured with different free-stream velocities. Condition
α = 8◦, x/c = 6: a) cross-velocity; b) axial velocity.
of the data for U∞ = 10 m/s is evident. Obviously, this might be an index of an
abrupt reduction of wandering with increasing free-stream velocity. The circulation
was fitted through Hoffmann & Joubert’s model, and the fitting coefficients are
reported in Tab. 3.6. The coefficient A, proportional to the slope of the tangential
velocity at the mean vortex centre, shows that the strength of the vortex increases
roughly linearly with the free-stream velocity.
α[deg] U∞[m/s] x/c A B C D E
8 10 6 97.13 0.1999 0.7824 -4.837 0.03483
8 20 6 206.3 0.264 1.106 -4.164 -0.1747
8 30 6 287.5 0.228 1.017 -2.15 -0.3995
Table 3.6 Fitting coefficients of the Hoffmann & Joubert’s model for the analysed
free-stream velocities.
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The vortex parameters relative to each free-stream velocity are reported in Tab. 3.7.
The peak tangential velocity abruptly increases as the free-stream velocity changes
Re α x/c r1/c Vθ1/U∞ UD/U∞ Γ1/Γ0 Γ1/ν UD/Vθ1
169000 8◦ 6 0.0543 0.182 0.098 0.1999 10500 0.541
338000 8◦ 6 0.041 0.316 0.075 0.264 27700 0.236
507000 8◦ 6 0.0314 0.358 0.041 0.228 35800 0.113
Table 3.7 The vortex parameters for the three tested free-stream velocities.
from 10 m/s to 20 m/s; probably this might just be an effect of a drastic reduction
of the vortex wandering. The core radius is reduced roughly as the square root of
the free-stream velocity. The axial velocity defect in correspondence of the vortex
centre is reduced almost at the same rate.
3.4.4 Unsteadiness of the flow and filtering of the signals
In order to assess the possible dynamics involved with the tip vortex the variance
of the velocity components was analysed. The variance was divided by the square
value of the free-stream velocity in order to analyse unsteadiness as a percentage
of the free-stream velocity. In Fig. 3.27 the non-dimensional variance of the axial
velocity (σU/U∞)2 is reported and in Fig. 3.28 the sum of the non-dimensional
variance of the spanwise velocity V and of the normal velocityW (σ2V +σ
2
W )/U
2∞ is
plotted for several locations tested with the measurement grids. It is particularly
evident from the variance of the axial velocity that the flow in the very near field is
highly turbulent, due to the separation of the flow from the model. The turbulence
is essentially vanished at x/c = 3 in the wake whereas unsteadiness is still present
in correspondence of the vortex core up to x/c = 6. Analogous assessments may be
formulated from the variance of the tangential component. Here the unsteadiness
is present in the whole wake cross-section at x/c = 0.1 and it decays proceeding
downstream, except in correspondence of the vortex core, where the unsteadiness
is fairly invariant for all locations.
In Fig. 3.29 (σU/U∞)2 and (σ2V + σ
2
W )/U
2∞ evaluated using the data obtained
from the traverses are reported. Generally, the profile of the variance exhibits a
maximum in correspondence of the vortex centre, which means that this is the
point of maximum unsteadiness in the flow. In Fig. 3.30 the peaks of (σU/U∞)2
and of (σ2V + σ
2
W )/(2 · U2∞), obtained from the traverse data, are compared as a
function of the streamwise position. Again, from the axial velocity component
it is evident that a turbulence decay is taking place especially up to x/c = 2,
while proceeding downstream the unsteadiness rises slightly at x/c = 3 and for the
following locations its intensity remains almost invariant. The unsteadiness of the
cross-flow, more sensitive to the dynamics in the cross-plane, is fairly invariant for
all the analysed locations.
115
3 Wing-tip vortex wandering
x/c = 0.1 x/c = 0.33
x/c = 0.66 x/c = 1
x/c = 1.5 x/c = 2
x/c = 3 x/c = 6
Figure 3.27 Non-dimensional variance of the axial velocity (σU/U∞)2 for the con-
dition α = 8◦, U∞ = 10 m/s. All figures are plotted with same color
scale.
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x/c = 0.1 x/c = 0.33
x/c = 0.66 x/c = 1
x/c = 1.5 x/c = 2
x/c = 3 x/c = 6
Figure 3.28 Sum of the non-dimensional variance of the horizontal and vertical
velocity (σ2V + σ
2
W )/U
2∞ for the condition α = 8◦, U∞ = 10 m/s. All
figures are plotted with same color scale. The black points represent
the wake centerlines.
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a) b)
c) d)
Figure 3.29 Non-dimensional variance evaluated from the traverses, α = 8◦, U∞ =
10m/s: a) (σU/U∞)2 along the spanwise direction; b) (σU/U∞)2 along
the normal direction; c) (σ2V + σ
2
W )/U
2∞ along the spanwise direction;
d) (σ2V + σ
2
W )/U
2∞ along the normal direction.
Finally, the whole analysis suggests that while the turbulence coming from the
wake vanishes travelling downstream, other unsteadiness, acting predominantly in
the cross-plane, increases, mostly in correspondence of the vortex core. It is then
fundamental to understand whether this unsteadiness in correspondence of the vor-
tex core is the result of a turbulent activity or, as assessed by [3], [10] and [12], the
vortex core is a relaminarizing region and the unsteadiness still present in the core
far downstream is generated by vorticity structures with dimensions comparable to
the vortex core, and hence characterized by relatively small frequencies.
From a spectral analysis of the velocity signals we did not reach any conclusive
finding; indeed, from both Fourier and wavelet velocity spectra we found an energy
increase approaching the vortex centre along a radial direction extended to all
frequency domain; this behavior is especially enhanced for the tangential velocity.
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Figure 3.30 (σU/U∞)2 and (σ2V + σ
2
W )/(2 ∗ U2∞) measured at the vortex centre as
a function of the streamwise distance; α = 8◦, U∞ = 10 m/s.
Furthermore, for a fixed radial distance from the vortex centre, a similar increase
of energy is observed proceeding downstream.
In order to characterize the persistent fluctuations at the vortex core, the sig-
nals, obtained from both measurement grids and traverses, were filtered with high-
pass filters with different cut-off frequencies. The cut-off frequencies used were
fth1 = 4Hz, fth2 = 8Hz, fth3 = 27Hz and fth4 = 81Hz; these values correspond
to a non-dimensional frequency (f · c/U∞) of fth1 = 0.1, fth2 = 0.2, fth3 = 0.66
and fth4 = 1.98, respectively. In other terms, these frequencies correspond to a
wavelength equal to 200, 100, 30 and 10 times the core radius, respectively (the
considered r1 is about 0.05c). Starting from the traverse performed at x/c = 1,
Fig. 3.31 shows that the high-pass filtering of the signals does not produce any
changes for the fluctuations of the axial velocity, whereas for the tangential velo-
city a significant effect is apparent. Indeed, even from the lowest cut-off frequency
fth1 the peak variance is halved, and at the highest cut-off frequency fth4 the un-
steadiness becomes negligible. It is concluded that for the tangential velocity the
unsteadiness is mainly characterized by very low frequencies, so that it cannot be
considered the result of turbulent activity but rather of a low-frequency instability
of the vortex, viz. the wandering. The axial velocity unsteadiness is scarcely af-
fected by wandering at this location and it is the result of the remainder turbulence.
These results are amplified at x/c = 5 (Fig. 3.32), where the wake turbulence is
practically vanished and the whole unsteadiness is an effect of wandering.
The high-pass filtering of the signals obtained from the measurement grids pro-
vides more explicative results. At the location x/c = 0.1 the filtering does not
produce any changes to the non-dimensional variance of both the axial and tangen-
tial velocities (Fig. 3.33 and Fig. 3.34). Small effects of the filtering are observed
already at x/c = 0.66, but the more interesting results for the location x/c = 5 are
shown in Fig. 3.35 and Fig. 3.36. As for the axial velocity, it is seen that increas-
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a) b)
Figure 3.31 Non-dimensional variance of the high-pass filtered traverses data; con-
dition x/c = 1, α = 8◦, U∞ = 10 m/s: a) axial velocity ; b) tangential
velocity.
a) b)
Figure 3.32 Non-dimensional variance of the high-pass filtered traverses data; con-
dition x/c = 5, α = 8◦, U∞ = 10 m/s: a) axial velocity ; b) tangential
velocity.
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Figure 3.33 Non-dimensional variance of the axial velocity high-pass filtered with
different cut-off frequencies; condition x/c = 0.1, α = 8◦, U∞ =
10 m/s: a)fth1 = 4 Hz; b) fth2 = 8 Hz; c) fth3 = 27 Hz; d)
fth4 = 81 Hz.
Figure 3.34 Non-dimensional variance of the tangential velocity high-pass filtered
with different cut-off frequencies; condition x/c = 0.1, α = 8◦, U∞ =
10 m/s: a)fth1 = 4 Hz; b) fth2 = 8 Hz; c) fth3 = 27 Hz; d)
fth4 = 81 Hz.
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Figure 3.35 Non-dimensional variance of the axial velocity high-pass filtered with
different cut-off frequencies; condition x/c = 5, α = 8◦, U∞ = 10 m/s:
a)fth1 = 4 Hz; b) fth2 = 8 Hz; c) fth3 = 27 Hz; d) fth4 = 81 Hz.
Figure 3.36 Non-dimensional variance of the tangential velocity high-pass filtered
with different cut-off frequencies; condition x/c = 5, α = 8◦, U∞ =
10 m/s: a)fth1 = 4 Hz; b) fth2 = 8 Hz; c) fth3 = 27 Hz; d)
fth4 = 81 Hz.
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ing the cut-off frequency the unsteadiness in the wake remains almost unchanged
whereas in correspondence of the vortex core it disappears completely for the high-
est cut-off frequency. For the tangential component the unsteadiness is present
mostly at the vortex core and analogously it disappears by filtering the signals.
In conclusion, the wake in the very near field is highly turbulent and a vanishing
process of the turbulence is acting proceeding downstream, but unsteadiness in cor-
respondence of the vortex core persists travelling downstream. This unsteadiness
is characterized by very low frequencies which are halved by high-pass filtering the
signals with a cut-off frequency of 4 Hz and it is practically eliminated by a cut-off
frequency of 81 Hz. Hence, this unsteadiness in correspondence of the vortex core
can be ascribed to wandering.
At variance with [13] and [5], the wandering low frequencies are not attributed to
a vorticity structure length because, as already observed by the flow visualizations
(Section 3.3), this unsteadiness is not strictly related to a regular oscillation of
vorticity structures with a particular dimension, but it is related to an instability of
the roll up mechanism of the vortex. This instability, instead of being characterized
by a regular oscillation, shows a sudden divergence of the vortex from its mean
position to another location.
a) b)
Figure 3.37 Non-dimensional variance of the tangential velocity divided by the
square value of the local peak tangential velocity (σ2V + σ
2
W )/V
2
1 ; con-
dition α = 8◦, U∞ = 10 m/s: a) spanwise direction; b) normal direc-
tion.
To qualitatively characterize the wandering rate of occurrence and amplitude,
the variance plotted in Fig. 3.29 was divided by the square of the peak tangential
velocity (V1/U∞)2 evaluated at each location. The variance of a signal is a function
of the unsteadiness present in the flow and of the mean value of the signal, insofar as
the curves in Fig. 3.37 are roughly independent of the velocity profile that generated
them, but they depend only on the amplitude and on the rate of occurrence of the
unsteadiness. From Fig. 3.37 it is evident that wandering increases proceeding
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downstream, especially from x/c = 2.
Finally, the map of the cross-correlation coefficients between the horizontal and
vertical velocity in Fig. 3.38 shows a particular direction with prevalent negative
value of this parameter. This anisotropy of the flow field was generally observed for
Figure 3.38 Cross-correlation coefficients vw/σV σW between the horizontal and
the vertical velocities for the condition α = 8◦, U∞ = 10m/s, x/c = 5.
all conditions and locations, and the importance of this feature in characterizing
wandering will be discussed in Section 3.5.1; now it is interesting to observe from
Fig. 3.39 that in correspondence of the mean vortex centre location this anisotropy
vanishes by high-pass filtering the velocity signals. This indicates that the flow
anisotropy is an effect only of wandering and not a general characteristic of all
scales of vorticity structures, at variance with the findings of [5].
Summarizing, the present results seem to demonstrate that wandering is gene-
rally present in correspondence of the vortex core and that it is possible to quali-
tatively characterize its amplitude and rate of occurrence from the variance of the
velocity signals. It is now fundamental to assess how to quantify the wandering
characteristics from static measurements and to investigate the methods to correct
the above-mentioned data for wandering effects.
3.5 Wandering
3.5.1 Numerical simulations
The simulation of the wandering of a Lamb-Oseen vortex was carried out so that
the possibility of characterizing vortex wandering from static velocity measure-
ments could be evaluated. Two main test cases were used: the first with the peak
tangential velocity V1 = 0.4 and core radius r1 = 1, the second with V1 = 0.7 and
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Figure 3.39 Cross-correlation coefficient between the horizontal and vertical ve-
locity high-pass filtered with different cut-off frequencies; condition
α = 8◦, U∞ = 10 m/s and x/c = 5.
r1 = 1. The vortex wandering was simulated by representing the vortex centre
locations through a bi-variate normal probability density function (2VdF ), as pro-
posed by [12] and then confirmed by [19]. A 2VdF is described by the following
equation:
p(y, z) =
1
2piσyσz
√
1− e2 exp
[
− 1
2(1− e2)
(
y2
σ2y
+
z2
σ2z
− 2eyz
σyσz
)]
σy and σz represent the wandering amplitudes along the y-axis and z-axis, respec-
tively, and where e is the term that represents the anisotropy of the motion with
respect to the adopted frame of reference.
Once the wandering amplitudes, σy and σz, and the anisotropy parameter e
are chosen, each simulation was based on the generation, through the statistical
software R2, of 1500 points which are described by a probability density function
equal to the chosen 2VdF. Each point represents the location of the vortex centre
for each time-step of the simulation. In Fig. 3.40 the vortex centres generated for
three different 2VdF are shown.
The wandering amplitudes investigated were from 0.1 up to 1.2 times the core
radius, and the parameter e was set from −1 up to 1 with increments of 0.1. Many
combinations of these three parameters were simulated.
Once the position of the vortex centre for each snapshot was known, the tan-
gential flow field generated by a Lamb-Oseen vortex was evaluated. Consequently,
2R is a free software environment for statistical computing. It can be accessed through the World
Wide Web at http://www.r-project.org.
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a) b) c)
Figure 3.40 Vortex centre locations simulated with the statistical software R for
different probability density functions 2VdF : a) σy/r1 = 0.4, σz/r1 =
0.3, e = 0; b) σy/r1 = 0.4, σz/r1 = 0.3, e = 0.8; c) σy/r1 = 0.4,
σz/r1 = 0.3, e = −0.8.
the numerical simulations generated a velocity signal that is analogous to the one
deriving from static velocity measurements, for each location of the space domain.
In the present work the numerical simulation of the wandering of a Lamb-Oseen
vortex with V1 = 0.4 and r1 = 1 is shown. The actual tangential velocity field of
the vortex is reported in Fig. 3.41-a. All the following figures of the velocity field,
regarding the present condition, are plotted with a grey scale where the color white
indicates the value 0 and the black the peak tangential velocity value V1 = 0.4. For
the present simulation the wandering is simulated with σy/r1 = 0.4, σz/r1 = 0.3
and e = 0.2. The mean cross-flow field (Fig. 3.41-b), obtained from the numerical
simulation, is well represented by the convolution of the actual cross-flow field
and the 2VdF that represents wandering (Fig. 3.41-c), as proposed by [12]. Some
differences are observed in proximity of the boundary of the space domain due to
the finiteness of the latter.
a) b) c)
Figure 3.41 Numerical simulation of wandering of a Lamb-Oseen vortex with V1 =
0.4 and r1 = 1. Wandering is simulated with σy/r1 = 0.4, σz/r1 =
0.3, e = 0.2: a) actual cross-flow field; b) mean cross-flow field; c)
convolution of the actual cross-flow field with the 2VdF that represents
the wandering.
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[12] proposed to evaluate the wandering amplitude σy (σz) as the ratio of the
RMS and the gradient of the normal velocity W (spanwise velocity V ), measured
at the mean vortex centre, possibly low-pass filtering the velocity signals in order
to separate the fluctuations due to wandering from the fluctuations generated by
turbulence. This criterion was not supported by any explanation or data.
In Fig. 3.42 the standard deviation and in Fig. 3.43 the RMS values of the
spanwise and the normal velocities, obtained from the present numerical simulation
(σy/r1 = 0.4, σz/r1 = 0.3, e = 0.2), are reported. The peaks of the standard
deviation of both velocity components are in correspondence to the mean vortex
centre location, as expected. Furthermore, the peak standard deviation of the
normal velocity W , that is theoretically equal to the RMS value at the vortex
centre, is greater than the one of the spanwise velocity V ; this correctly indicates
that the simulated wandering amplitude along the spanwise direction is larger than
in the normal one.
a) b)
Figure 3.42 Numerical simulation corresponding to the 2VdF with σy/r1 = 0.4,
σz/r1 = 0.3, e = 0.2: a) Standard deviation of the spanwise velocity
component V ; b) Standard deviation of the normal velocity component
W .
From our simulations the method to evaluate the wandering amplitudes proposed
by [12] is confirmed to be the best way to determine the wandering amplitudes
from static measurements even if, for instance, the RMS of the normal velocity
W , used to evaluate σy, changes slightly by varying the orthogonal wandering
amplitude σz or the anisotropy parameter e. The wandering amplitudes predicted
through the method proposed by [12] from the numerical simulations data are
plotted as a function of the actual simulated wandering amplitudes in Fig. 3.44-a.
The wandering amplitudes are accurately evaluated for the simulations with actual
wandering amplitudes smaller than 60% of the core radius. For higher values the
error increases with increasing simulated wandering amplitudes, reaching errors of
35% of the actual value for wandering amplitudes comparable to the core radius.
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a) b)
Figure 3.43 Numerical simulation corresponding to the 2VdF with σy/r1 = 0.4,
σz/r1 = 0.3, e = 0.2: a) RMS of the spanwise velocity component V ;
b) RMS of the normal velocity component W .
Several simulations were performed with 3000 snapshots, twice longer than the
usual simulations, but the errors made on the evaluation of wandering amplitudes
were unaltered.
Furthermore, a characteristic trend of the kurtosis of the tangential velocity as a
function of the wandering amplitude was found (Fig. 3.44-b). However, the scatter
due to the possible variation of the orthogonal amplitude and/or to the variation
of the parameter e does not enable this parameter to be a predictor of wandering
amplitudes.
The parameter e of the 2VdF represents the anisotropy of the vortex wandering
with respect to the frame of reference. It was calculated by [12] from the cross-
correlation coefficient Ecross between the spanwise V and the normal W velocities,
measured at the mean vortex centre. Furthermore, for each cross-section of the
wake these authors found a direction with prevalently negative values of Ecross.
They calculated the principal axes of wandering, but it is not clear if it was relative
to this particular direction or evaluated from the eigenvectors of the covariance
matrix constituted from σy, σz and e.
The maps of Ecross, obtained from the numerical simulations, relative to different
values of the anisotropy parameter e are reported in Fig. 3.45. The figures are
plotted with a grey scale where the color white indicates the value 1 and the black
the value −1; the iso-contours relative to the value zero are reported with a solid
line. From the simulations we found particular directions with both positive and
negative values, but it seems difficult to characterize the anisotropy of wandering
through them. Secondly, both [12] and [19] did not specify that the anisotropy
parameter e of the 2VdF, which represents the wandering, has the opposite sign to
the cross-correlation coefficient Ecross between V and W , as can be observed from
Fig. 3.45.
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a) b)
Figure 3.44 Wandering simulation with the anisotropy parameter e set to 0: a)
Predicted wandering amplitude as a function of the actual wandering
amplitude; b) kurtosis of the tangential velocity as a function of the
actual wandering amplitude.
e = 0) e = 1) e = −1
Figure 3.45 Maps of the cross-correlation coefficient Ecross between the spanwise
and normal velocities for different values of the anisotropy parameter
e obtained from the numerical simulation.
This is understandable from the sketch reported in Fig. 3.46. In this sketch the
variation of the spanwise V and normal W velocities at the mean vortex centre is
evaluated when the vortex leaves this location. If the vortex moves along the y-axis
(z -axis) only the velocity W (V ) varies, hence the cross-correlation between V and
W is null. This situation corresponds to an isotropic motion, hence Ecross = 0
means e = 0. If e = 1 it means that the principal axes of the motion are rotated
by 45 with respect to the frame of reference. In this situation the variation of V
and W have the same module and opposite sign, as reported on the left-hand side
of Fig. 3.46, hence Ecross = −1. Analogously when e = −1 the Ecross has the
opposite value.
From the simulations we found that the errors on the prediction of e from the
opposite value of Ecross are negligible.
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e = 1 e = −1
Figure 3.46 Sketch of the evaluation of the cross-correlation coefficient Ecross as
function of the principal axes orientation of the oscillation of the vor-
tex.
Summarizing, the numerical simulations of the wandering of a Lamb-Oseen vor-
tex confirm that wandering can be characterized from static measurements. The
wandering amplitudes are very accurately evaluated from the ratio of the RMS
value of the tangential velocity and its gradient measured at the mean vortex cen-
tre, as proposed by [12], for wandering amplitudes smaller than 60% of the core
radius. The error increases with increasing wandering amplitudes, up to 35% of
the actual value for wandering amplitudes comparable to the core radius. The pa-
rameter e, which represents the anisotropy of the motion, may be obtained from
the opposite value of the cross-correlation coefficient Ecross between the spanwise
V and the normal W velocities, measured at the mean vortex centre.
3.5.2 Methods to correct wandering effects on static
measurements
Once the wandering is well represented through a probability density function, the
mean flow field, which is affected by wandering, needs to be corrected in order
to achieve the actual velocity field of the vortex. From the numerical simulations
we found that the mean velocity field is accurately predicted from the convolution
of the actual velocity field of the vortex with the 2VdF that characterizes the
wandering. The correction of the mean velocity field consists in the deconvolution
of the mean velocity field with the 2VdF, as proposed by [12]. These authors
performed the deconvolution by solving the convolution integrals analytically. To
this end, the velocity fields are supposed to be axisymmetric and the actual and
the mean velocity fields are both expressed as sum of gaussian functions in order to
solve the convolution integrals analytically. Consequently, the procedure requires
the fitting of the measured velocity fields with the sum of gaussian functions. We
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found that this procedure can introduce an error that, in extreme circumstances,
could be comparable to the correction performed. Furthermore, with this correction
method the averaging effects due to possible secondary vorticity structures, which
may surround the main vortex, or, more in general, the asymmetry of the flow field
are not taken into account.
For this reason other deconvolution methods were investigated which do not
need any assumption or preconditioning of the mean velocity field. Deconvolution
techniques have been used in several applications, in particular in image and signal
deblurring. In the present work we used four different procedures to compare their
performance. The measured velocity field g(−→x ) is expressed in the space domain
as the convolution of the probability density function pdf(−→x ), which describes the
vortex wandering, with the actual velocity field h(−→x ):
g(−→x ) = pdf(−→x ) ∗ h(−→x )
where ∗ represents the convolution operator. In the Fourier domain this application
can be expressed as follows:
G(ω) = PDF (ω)H(ω)
The deconvolution is then mathematically computed from
H(ω) =
G(ω)
PDF (ω)
This application is ill-posed, and numerical problems arise because the probability
density function and the measurements are both band-limited due to the finite size
of the measurement domain. Appropriate numerical procedures must then be used
to overcome this difficulty. The first method used is the V an Cittert algorithm,
see [23], which performs the deconvolution using the following approximation:
h =
N∑
i=0
(I − pdf)i ∗ g
where I is the identity operator. In other words, the deconvolution is evaluated
through the algebraic sum of the measured data and multiples of its recursive
convolutions. For our application N was set equal to 5.
The second applied method is based on the Richardson − Lucy algorithm, see
[31]. This technique consists in maximizing the likelihood of the deconvoluted
velocity field. The third technique is a blind deconvolution, see i.e. [25]: this
technique is called blind deconvolution because the 2VdF, which represents the
wandering, is unknown a priori and is iteratively estimated directly from the mean
flow field, which means that the mean flow field is corrected and an optimization of
a first estimation of the 2VdF is performed at the same time. Both these last two
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algorithms are easily available from commercial mathematical softwares. For these
methods it is fundamental to determine the number of iterations to be performed:
with few iterations they produce a velocity field which is not strongly filtered, i.e.
in the Fourier domain only the low spatial frequencies are well represented, whereas
with many iterations noise amplification problems may arise.
For the last method, the deconvolution was numerically calculated in the Fourier
domain. As already pointed out, the deconvolution is an ill-posed problem and
in the Fourier domain it generates several spurious spectral contributions, which
surround the contributions that represent the velocity field (Fig. 3.47). These
spurious contributions are neglected so that the inverse Fourier transform produces
the actual velocity field. When the wandering amplitude is comparable with the
core radius the spurious contributions are very close to the physical contributions,
so that neglecting them may produce an inaccurate estimation of the actual velocity
field.
Figure 3.47 Deconvoluted velocity field in the Fourier domain without any condi-
tioning.
In the present work the performance of the various procedures was assessed by
using the numerical simulations, already presented in Section 3.5.1. The simulation
of the wandering of a Lamb-Oseen vortex with V1 = 0.4 and r1 = 1 is shown, where
the wandering is simulated with σy/r1 = 0.4, σz/r1 = 0.3 and e = 0.2.
The deconvolution of the mean velocity field (Fig. 3.41-b), obtained from the nu-
merical simulation, is performed with the four methods presented above. Comparing
the mean velocity field corrected for the wandering effects (Fig. 3.48) with the ac-
tual velocity field shown in Fig. 3.41-a, it is evident that that all four methods
perform an adequate deconvolution. The V an Cittert algorithm generally genera-
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a) b)
c) d)
Figure 3.48 Deconvolution of the mean cross-flow field with different methods.
Wandering simulation with σy/r1 = 0.4, σz/r1 = 0.3, e = 0.2: a) Van
Cittert algorithm; b) Richardson-Lucy algorithm; c) blind algorithm;
d) Direct deconvolution in the Fourier domain.
tes a certain error in proximity of the boundary of the space domain, due to the
finiteness of the latter.
In Fig. 3.49 the sections of the velocity field through the mean vortex centre are
reported along both the spanwise and the normal directions. Again, the mean flow
is accurately evaluated from the convolution of the actual velocity field with the
2VdF which represents wandering, except for the locations close to the space do-
main boundary. The deconvolution of the mean field performed by all four methods
permits to evaluate the peak cross-flow and the core radius very accurately. The
deconvolution error is larger at the vortex centre, a location with little interest,
because the tangential velocity should be zero there. Furthermore, the error pro-
duced by the V an Cittert algorithm in proximity of the space domain boundary is
evident. The correction method proposed by [12] was also implemented. However,
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considering the mean cross-flow field, a poor fitting is obtained through the sum of
gaussian functions, so that a large error on the deconvolution is produced.
a) b)
Figure 3.49 Deconvolution of the mean cross-flow field with different methods.
Wandering simulation with σy/r1 = 0.4, σz/r1 = 0.3, e = 0.2: a)
traverse through the mean vortex centre along the spanwise direction;
b) traverse through the mean vortex centre along the normal direction.
Two test cases with extreme conditions were analysed. In the first case the
anisotropy parameter e was set equal to 1. Figure 3.50 shows that an adequate
deconvolution of the mean cross-flow field is achieved but a residual anisotropy is
still present, with the exception of the direct deconvolution performed in the Fourier
domain. In the second case the wandering amplitude in the spanwise direction is
set equal to the core radius; as expected, the prediction of the actual velocity
field is very inaccurate (Fig. 3.51). For the spanwise direction, with the greater
wandering amplitude, the best correction is performed by the direct deconvolution
in the Fourier domain, whereas for the normal direction this method is the worst.
However, the boundary error produced by the V an Cittert algorithm becomes
significant even though the space domain is large with respect to the core radius.
The typical percentage error encountered in the prediction of the peak cross-flow
is reported in Fig. 3.52 as a function of the actual wandering amplitude, with the
anisotropy parameter e set equal to 0.
Concluding, in order to perform the correction of the measured velocity field
from the smoothing wandering effects without any assumption on the velocity field
and/or fitting of the experimental data, four correction methods were investigated:
• Van Cittert algorithm
• Richardson-Lucy algorithm
• Blind algorithm
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a) b)
c) d)
e) f)
Figure 3.50 Wandering simulation with σy/r1 = 0.4, σz/r1 = 0.3, e = 1: a) actual
cross-flow field; b) mean cross-flow field; c) deconvolution with the Van
Cittert algorithm; d) deconvolution with Richardson-Lucy algorithm;
e) deconvolution with the blind algorithm; d) deconvolution with the
Direct deconvolution in the Fourier domain.
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a) b)
Figure 3.51 Deconvolution of the mean cross-flow field with different methods.
Wandering simulation with σy/r1 = 1, σz/r1 = 0.3, e = 0: a) traverse
through the vortex centre along the spanwise direction; b) traverse
through the vortex centre along the normal direction.
• Direct deconvolution in the Fourier domain
All these methods perform the correction through the deconvolution of the mean
velocity field with the 2VdF, which represents the vortex wandering. Generally,
the correction performed is sufficiently accurate for all four methods. However, the
V an Cittert algorithm presents an error at the space domain boundary that can
become significant with the increase of the wandering amplitude or when the space
domain boundary is too colse to the locations of interest. For very anisotropic
wandering, a residual anisotropy on the corrected actual velocity field was found
for all methods except for the direct deconvolution in the Fourier domain. For
wandering amplitudes comparable to the core radius, the correction is not very
accurate, and in this case, the numerical simulations show that even the wandering
amplitudes are poorly evaluated from static measurements.
3.5.3 Correction of wandering effects on the five hole probe static
measurements
From the numerical simulations the possibility of characterizing the wandering from
static measurements has been assessed. The wandering amplitude in the spanwise
direction σy (in the normal direction σz) may be evaluated as the ratio of the RMS
value and the gradient of the normal velocityW (spanwise velocity V ), measured at
the mean vortex centre, if necessary low-pass filtering the velocity signals in order
to separate the fluctuations due to wandering from the unsteadiness generated by
turbulence. Moreover, from the numerical simulations it was found that wandering
amplitudes are accurately predicted with this method if they are smaller than 60%
of the core radius, whereas the prediction error increases with increasing wandering
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Figure 3.52 Error on the deconvolution evaluated for the peak tangential velocity
as percentage of the actual value. The anisotropy parameter e was set
to 0.
amplitudes (up to an error of 35% of the actual value for wandering amplitudes
equal to the core radius). Furthermore, the anisotropy parameter of the 2VdF,
which represents the wandering, was found to be equal to the opposite value of the
cross-correlation coefficient between the spanwise V and the normal W velocities,
measured at the mean vortex centre location. Four different algorithms to correct
the mean velocity field from wandering effects were also assessed through the nu-
merical simulations data. The correction is practically acceptable in the same range
where the wandering amplitudes are well predicted from static measurements (i.e.
wandering amplitudes smaller than 60% of the core radius).
Thus, the whole procedure to evaluate the wandering characteristics from static
measurements and to correct the mean velocity field from wandering effects was
applied to the data obtained experimentally with the 5HP , already presented in
Section 3.4.
Regarding the measurement grids, only the the data upstream of the location
x/c = 1.5 were analysed, as the remaining measurement grids are too coarse for
this analysis. The condition U∞ = 10 m/s, α = 8◦, x/c = 0.33 is first presented.
The non-dimensional mean cross-flow field, measured experimentally, is reported in
Fig. 3.53-a, but restricted to the space domain used for the wandering correction.
All the maps of the velocity fields, regarding this condition, are plotted with a grey
scale where the white color indicates the zero value and the black color the value
0.5.
The variance of the spanwise V and the normal W velocities are shown in
Fig. 3.54-a and Fig. 3.54-b, respectively; moreover, Fig. 3.54-c and Fig. 3.54-d
show the RMS values of those velocity components. These maps are analogous to
those generally obtained from the numerical simulations (Fig. 3.42 and Fig. 3.43).
They indicate that the wandering amplitude in the spanwise direction is larger than
in the normal direction as the unsteadiness of the normal velocityW is more intense
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a) b)
Figure 3.53 Correction of the experimental data carried out at the condition
α = 8◦, U∞ = 10 m/s, x/c = 0.33: a) Mean non-dimensional cross-
flow field obtained through 5HP static measurements; b) bi-variate
normal probability density function (2VdF ) evaluated from the static
measurements.
than the one produced by the spanwise velocity component V in correspondence
of the vortex core.
The RMS values of V and W at the mean vortex centre location, needed to
calculate the wandering amplitudes, were evaluated from the traverse data, as the
longer sampling time (33 s.) and the higher sampling rate (2 kHz), with respect
to the grids data, allow a more accurate evaluation of those parameters to be
achieved. Furthermore, the velocity signals were not filtered because, as pointed
out in Section 3.4.4, the unsteadiness of the cross-flow at the vortex centre is almost
entirely due to wandering.
In addition, the prediction of the wandering amplitudes requires the slope of the
tangential velocity at the mean vortex centre. This parameter is generally calcu-
lated from the mean circulation, obtained from the traverse data, fitted through
Hoffmann & Joubert’s method. For the condition being considered the wandering
amplitude in the spanwise direction is σy/r1 = 0.129 and in the normal one is
slightly smaller, σz/c = 0.117.
From the numerical simulations it was found that the evaluation of the anisotropy
of the wandering is based on the analysis of the cross-correlation coefficient between
the spanwise and the normal velocities. From the map of this parameter, reported
in Fig. 3.55, a dominant direction with negative values of this parameter is present;
this was generally observed for all the conditions investigated. The anisotropy
parameter e of the 2VdF is equal to the opposite value of the cross-correlation
coefficient between V and W at the mean vortex centre, and, as already pointed
out, it was estimated from the traverse data in order to achieve a better accuracy.
For this condition we found e = 0.031.
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a) b)
c) d)
Figure 3.54 Unsteadiness evaluated from static measurements for the condition
α = 8◦, U∞ = 10 m/s, x/c = 0.33: a) σ2V /U
2∞; b) σ2W /U
2∞; c)
RMSV /U∞; d) RMSW /U∞.
The covariance matrix Σ corresponding to the 2VdF, which represents the wan-
dering, is:
Σ =
(
σ2y eσyσz
eσyσz σ
2
z
)
The direction of the principal axes of the wandering may be evaluated from the
eigenvectors of the covariance matrix Σ, and the wandering amplitudes along these
peculiar axes are evaluated from the square root of its eigenvalues. For the present
condition the principal axes are rotated by 8.69◦, measured from the spanwise
direction to the normal one. This shows that the largest wandering amplitude,
σ1/r1 = 0.13, is along the outboard-upwards to inboard-downwards direction, while
the orthogonal amplitude is σ2/r1 = 0.117. The 2VdF which represents the wan-
dering for the present condition is plotted in Fig. 3.53-b.
The mean cross-flow field was then corrected to remove the wandering effects on
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Figure 3.55 Cross-correlation coefficient between the spanwise V and normal W
velocities for the condition α = 8◦, U∞ = 10 m/s, x/c = 0.33. The
wake centreline is plotted with the black dots.
the static measurements with the four methods presented in Section 3.5.2. Fig-
ure 3.56 shows that all the methods perform a comparable correction. The sections
of the velocity field in the spanwise and normal directions through the vortex cen-
tre, plotted in Fig. 3.57, show that the effects of wandering on the mean velocity
field are almost negligible for the present location x/c = 0.33.
The analysis of the measurement grid carried out at the locationx/c = 1.5 is
now presented. The measured mean non-dimensional cross-flow field is plotted in
Fig. 3.58-a. All the maps of velocity fields corresponding to this location are plot-
ted with a grey scale where the white color indicates the zero value and the black
the value 0.6. The wandering characteristics were evaluated for the traverse data
corresponding to this location. The wandering amplitude in the spanwise direc-
tion is σy/r1 = 0.416 and in the normal direction σz/r1 = 0.338. The anisotropy
parameter was found to be e = 0.344. Consequently, the principal axes of wan-
dering are rotated with respect to the frame of reference by 29.4◦, measured from
the spanwise to the normal direction, and the wandering amplitudes along those
peculiar directions are σ1/r1 = 0.447 and σ2/r1 = 0.295. The consequent 2VdF,
which represents the wandering at this location, is shown in Fig. 3.58-b.
The correction of the wandering effects on the mean non-dimensional cross-flow
field was performed with the four correction methods (Fig. 3.59). As can be seen,
the correction performed with the V an Cittert algorithm is completely inadequate
because the boundary of the space domain is too close to the vortex core for the ob-
served wandering amplitudes. Consequently, the typical boundary error committed
with this method has a large influence on the prediction of the actual velocity field.
For the other three methods, the corrections are comparable and predominantly in
correspondence of the vortex centre and of the peak cross-flow locations, as can be
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a) b)
c) d)
Figure 3.56 Correction of the measured mean non-dimensional cross-flow field from
wandering effects for the condition α = 8◦, U∞ = 10 m/s, x/c =
0.33: a) Van Cittert algorithm; b) Richardson-Lucy algorithm; c) blind
algorithm; d) Direct deconvolution in the Fourier domain.
141
3 Wing-tip vortex wandering
a) b)
Figure 3.57 Correction of the non-dimensional cross-flow field carried out with
5HP static measurements. Condition α = 8◦, U∞ = 10 m/s, x/c =
0.33: a) spanwise section through the mean vortex centre; b) normal
section through the mean vortex centre.
a) b)
Figure 3.58 Correction of the experimental data carried out with 5HP static mea-
surements for the condition α = 8◦, U∞ = 10m/s, x/c = 1.5: a) Mean
non-dimensional cross-flow field; b) bi-variate normal probability den-
sity function (2VdF ), which represents the wandering, evaluated from
the static measurements.
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a) b)
c) d)
Figure 3.59 Correction of the mean non-dimensional cross-flow field carried out
with 5HP static measurements for the condition U∞ = 10 m/s,
α = 8◦, x/c = 1.5: a) Van Cittert algorithm; b) Richardson-Lucy
algorithm; c) blind algorithm; d) direct deconvolution in the Fourier
domain.
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seen in Fig. 3.60.
Figure 3.60 Difference between the measured non-dimensional cross-flow field and
the one corrected for wandering effects. Condition α = 8◦, U∞ =
10 m/s, x/c = 1.5.
Fig. 3.61 shows that the corrections performed with all the methods, excluding
the V an Cittert algorithm (not reported), are comparable and, as expected, greater
in the spanwise direction than in the normal one, as the wandering is more intense
in the spanwise direction. Moreover, the non-dimensional peak velocity varies from
the measured value of about V1/U∞ = 0.4 to the corrected value V1/U∞ = 0.57.
For this location the correction of the wandering effects was also applied to the
axial velocity field. Figure 3.62 shows that the corrected axial velocity field presents
an enhanced deficit (increased by approximately 4% of the measured value) in
correspondence of the vortex centre. Furthermore, the already observed overshoots
of the axial velocity in correspondence of the core radius are increased. However,
the correction methods applied produce a slight shift of the actual vortex centre,
as they take the asymmetry of the velocity field into account.
The correction of the traverse data is now presented. Wandering is considered
to be a 2D motion which occurs orthogonally to the vortex axis predominantly. In
this work the wandering has been characterized by a bi-variate normal probability
density function 2VdF, as proposed by [12]. The 2VdF probability density function
can be evaluated as product of the 1D probability density functions along the
principal axes of wandering, because the probability density functions along these
two peculiar directions are statistically independent. Consequently, the principal
axes of wandering are the only directions where it is possible to perform a proper
1D deconvolution of the mean velocity field, taking a 2D motion into account.
However, the traverse measurements were carried out along the spanwise and the
normal directions, so that the 1D deconvolution of the mean velocity field with the
section of the 2VdF along the considered direction does not produce the actual velo-
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a) b)
Figure 3.61 Correction of the measured cross-flow field relative to the condition
U∞ = 10 m/s, α = 8◦, x/c = 1.5: a) section through the vortex
centre along the spanwise direction; b) section through the vortex
centre along the normal direction.
city field. For this reason the correction of the traverse data was performed through
the 1D deconvolution of the mean velocity field with two 1D normal probability
density functions: the first with wandering amplitude σ1, the larger wandering
amplitude along the principal axes, then with the wandering amplitude equal to
σ2. The former produces the greatest error connected to the wandering, the latter
produces the smallest correction. This technique allows a confidence interval of the
actual velocity field obtained from 1D measurements to be evaluated.
Furthermore, this suggests that if performing measurement grids requires long
testing times and, consequently, significant economic resources, the easiest way
to perform velocity measurements of a vortex is to carry out sufficiently accurate
static measurements around the mean vortex centre, location that can easily be
determined. Once σy, σz and e are calculated, the principal axes of wandering and
relative wandering amplitudes can be estimated. Consecutively, fine traverses can
be performed along the principal axes and the data corrected for wandering effects
using a 1D deconvolution.
Examples of the correction of the traverse data from wandering effects is shown
in Fig. 3.63 and Fig. 3.64. It is evident that with this technique a range of the
actual velocity field is obtained, even though the actual velocity field is not exactly
evaluated. For the location x/c = 1 wandering amplitudes are roughly 30% of
the core radius and the wandering effects on the static measurements are already
evident, but for the location x/c = 3 a significant correction is performed even
though it is known from the numerical simulations that it is probably not very
accurate because the wandering amplitudes are comparable to the core radius.
145
3 Wing-tip vortex wandering
a) b)
Figure 3.62 Correction of the measured axial velocity field relative to the condition
U∞ = 10 m/s, α = 8◦, x/c = 1.5: a) measured non-dimensional axial
velocity field U/U∞; b) non-dimensional axial velocity field corrected
for wandering effects.
3.6 Rapid scanning
Wind-tunnel generated vortices fluctuate slowly side-to-side at a specific down-
stream distance. This meandering implies that any time-average Eulerian point
measurement, carried out by static measurement techniques, is actually a weighted
average in both time and space. That is, we would like to perform measurements in
a frame of reference that moves with the wandering vortex, whilst with static mea-
surement techniques we actually obtain a smoothed vortex, hence a more diffuse
and weaker one.
Rapid scanning of a wing-tip vortex was performed to achieve velocity measure-
ments theoretically not affected by wandering. The aim of the rapid scanning is to
perform scans as fast as possible through the vortex core in order to consider the
vortex itself fixed during each scan. The measurement apparatus consists in a 5HP
mounted on the tip of a rotating arm, which was in turn mounted on a traverse
mechanism that could move the probe within the vortex. The rotating arm was
of sufficient length to make the traverse path through the vortex essentially linear.
The vortex axis was assumed to be parallel to the flow axis of the wind tunnel in the
measurement plane. For each test the probe was set in the time-averaged vortex
centre location, which was previously detected by static measurements, and then
spun across the vortex core. The real time display of the velocity vectors made
the vortex encounters easily detectable. It was clear that some rotations moved
through the vortex core whilst others missed as the vortex meandered normally to
the traverse direction. Vertical meander was captured as this was in the same direc-
tion as the probe rotation. However, all the scans allow to evaluate the respective
vortex centre location and the actual velocity field of the vortex. Consequently,
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a) b)
Figure 3.63 Correction of the traverse data for the condition U∞ = 10m/s, α = 8◦,
x/c = 1: a) tangential velocity; b) axial velocity.
a) b)
Figure 3.64 Correction of the traverse data for the condition U∞ = 10m/s, α = 8◦,
x/c = 3: a) tangential velocity; b) axial velocity.
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this measurement technique allows to evaluate the probability density function of
the vortex centre locations for each tested condition. Furthermore, re-centring the
velocity profiles on the radial distance of each sample with respect to the instan-
taneous vortex centre location, time-averaged velocity profiles of the vortex not
affected by wandering can be evaluated.
3.6.1 Setup
The rapid scanning was performed with the 5HP), which has been already described
in Section 3.4.1. The rapid scanning was carried out through a rotating apparatus,
sketched in Fig. 3.65, designed and built at the DPSS operating unit of the CSIR.
It consists in a cylindrical body with a diameter of 120 mm and it is divided in a
static part and a rotating part. The static part holds a stepper motor that rotates
the probe with a frequency between 0.1 and 2 Hz. A flat plate, positioned on the
bottom, allowed to assemble the rotor to the traversing apparatus.
Figure 3.65 Sketch of the apparatus used for the rapid scanning.
A digital encoder was positioned inside the rotor to measure the rotation angle
of the rotating part. The incremental optical encoder is a device to convert the
rotation into a digital signal. It measures incremental angular steps during the
rotation, but it does not discerne neither the absolute angular position neither the
spin direction. The encoder, sketched in Fig. 3.66, consists of a rotating disk, a
light source and a photodetector (light sensor). A series of opaque and transparent
sectors are coded into a disk, which is mounted on the rotating shaft. As the
disk rotates, these patterns interrupt the light emitted onto the photodetector,
generating a digital signal. The angular resolution of the encoder was 0.036◦,
indeed the full circle angle was divided in 104 stations. The digital data generated
from the encoder were acquired by a NI PXI 6602.
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Figure 3.66 Sketch of the digital encoder.
In order to perform proper velocity measurements with the 5HP, a reference
pressure should be applied to the probe. Consequently, a pressure transducer was
placed in a slot produced on the frontal surface of the rotating part and connected
to the probe through a plastic tube fixed along the rotating arm. With this setup
the plastic tube itself became a chamber in which the pressure remained almost
constant during the tests.
The signals and the power supplies of both the 5HP and reference pressure
transducer were transferred from the rotating to the static part through 24 sliding
contacts located inside the rotor.
The rotating part consisted of a rotor joined to two arms that hold the 5HP
and a dummy probe needed for inertial balancing. Each arm was connected to
the rotor through a gear that allows the pitch angle of the probe to be set. The
arms were designed with the aim of achieving a roughly linear path of the probe
through the vortex core and to have the minimum interference of the measurement
apparatus with the vortex flow, consistently with the rotation loads and the rotor
characteristics. Therefore, both the two arms were made with a diameter of 16mm
and a length, Larm, of 991 mm.
The rotation rate was chosen with an extensive preliminary tests series. The
probe has to cross the vortex core adequately quickly in order to consider the
vortex itself fixed during the scan. Thus, the rotation rate was gradually increased
up to a value at which the measured velocity profiles resulted to be analogous to the
ones obtained for higher rotation rates, which means that for the chosen rotation
rate the wandering effects are roughly negligible on the measurements. These tests
were performed for various of the tested conditions and a rotation rate ω = 0.4 Hz
was determined. The consequent tangential velocity of the probe tip, Vp, results to
be 2.49 m/s. Furthermore, the gap between the reference pressure measured by the
dedicated transducer and the pressure applied to the 5HP, due to the centrifugal
force in the chamber of the reference pressure, ∆p = ρacLarm = ρV 2p results to be
less than 6 Pa. This BIAS error is considered to be negligible for the 5HP accuracy.
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The probe was pitched in order to reduce the misalignment between the free-
stream and the probe axis, due to the tangential velocity induced by the rotation,
and thus to increase the measurement accuracy. The probe should be pitched of
γ = arctan(Vp/U∞) = 7.1◦, considering a free-stream velocity, U∞, of 20 m/s. The
probe was pitched of 6.3◦ that is the nearest value available from the gear-wheel of
the arm.
3.6.2 Measurements conditions and locations
The sampling rate used for the rapid scanning was set to 1 kHz in order to achieve
a sufficient number of samples into the vortex core, considering the rotation rate
of the probe, ω = 0.4 Hz. The sampling rate was chosen after various preliminary
tests performed for several of the tested conditions.
For the scans the rotor was positioned in such a way that the probe traversed
the vortex core with the axis of the rotation nominally in the same horizontal plane
as the vortex axis, that is the traverses were carried out roughly in the spanwise
direction. The samples were acquired just along an arc of about 35◦ that includes
the mean vortex centre location.
Preliminary tests were performed spinning the probe from outboard to inboard
direction and vice versa. From these tests unchanged velocity profiles were obtained
for both the two rotation ways at a specific location and condition. This means that
the interference of the rapid scanning apparatus with the vortex flow is negligible.
Finally, the rotation from outboard to inboard was chosen for the tests.
For each test the mean vortex centre location in the cross-plane was found per-
forming preliminary static measurements with the 5HP. This procedure was facil-
itated by a real-time display of the velocity field. Subsequently, more than 1400
rotations were performed for each condition. The rotations number was deter-
mined after preliminary tests with the aim of achieving a statistic stationarity for
the evaluation of the wandering parameters, from the distributions of the vortex
centre locations, and of the mean velocity profiles.
Rapid scanning conditions and locations were mainly determined on the basis
of the previous static measurements performed with the 5HP and described in
Section 3.4. Three main test series were performed: the goal of the first one was to
analyse the evolution of the vortex by proceeding downstream. For these tests the
wing angle of attack was set to 8◦, the free-stream velocity at 10m/s, corresponding
to a Reynolds number of Re = U∞c/ν ∼= 169000, and the stream-wise positions
ranged from 2c up to 5.5c. The second test series was carried out in order to
evaluate the effects of the variation of the angle of attack, with U∞ = 20 m/s,
x/c = 3 or x/c = 5, and the angle of attack set at 6◦, 8◦, 10◦, 12◦ and 14◦. Finally,
to evaluate the sensitivity of the vortex flow to the Reynolds number tests were
performed by positioning the model at α = 8◦, x/c = 3 or x/c = 5, and the free-
stream at 10, 20 and 30 m/s. In Tab. 3.8 all the measured conditions and locations
are reported.
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No α [deg] U∞ [m/s] x/c
Series I 01 8 10 2
Series I 02 8 10 2.5
Series I 03 8 10 3
Series I 04 8 10 3.5
Series I 05 8 10 3.88
Series I 06 8 10 5
Series I 07 8 10 5.5
Series II 01 6 20 3
Series II 02 8 20 3
Series II 03 10 20 3
Series II 04 12 20 3
Series II 05 14 20 3
Series II 06 6 20 5
Series II 07 8 20 5
Series II 08 10 20 5
Series II 09 12 20 5
Series II 10 14 20 5
Series III 01 8 10 3
Series III 02 8 20 3
Series III 03 8 30 3
Series III 04 8 10 5
Series III 05 8 20 5
Series III 06 8 30 5
Table 3.8 Test matrix of the rapid scanning measurements.
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From several tests secondary vorticity structures were detected surrounding the
main vortex, and thus further measurements were carried out to deeper investigate
on this flow feature. The main condition chosen for these tests was α = 8◦, x/c = 3,
U∞ = 20m/s. Different traverses were performed by moving the probe orthogonally
to the rotation direction or in the streamwise direction. All the additional tests
conditions are reported in Tab. 3.9.
3.6.3 Processing of the velocity signals
The velocity signals acquired through the rapid scanning technique were processed,
though different steps, in order to obtain the actual velocity field generated by the
tip vortex and referred to the fixed system of reference defined in Section 3.2, and
to evaluate the distributions of the instantaneous vortex centre locations.
The velocity signals were acquired with respect to the frame of reference fixed
to the 5HP, as sketched in Fig. 3.65. The velocity due to the rotation of the probe
had to be subtracted to the measured velocity vector. Referring to Fig. 3.67, the
azimuthal velocity in correspondence to the probe tip, Vp, results to be:
Vp = 2piωL′arm
where
L′arm =
√
L2arm + L2probe sin
2 γ
Vp can be decoupled in a component parallel to the 5HP stem, urotation, and a
component acting in the plane normal to the probe, vrotation, that, for this probe
setup, affects just one of the two cross-velocity components. They can be calculated
as follows: {
urotation = Vp · sin γ
vrotation = Vp · cos γ (3.1)
As the velocity generated from the probe rotation is subtracted from the mea-
sured velocity vector, the velocity components are expressed with respect to the
fixed frame of reference, (U , V , W ), through geometrical relations that involve the
length of the rotating arm, Larm, the length of the probe, Lprobe, the probe pitch
angle, γ, and the rotation angle, Φ. Consequently, the velocity component U repre-
sents the axial velocity of the vortex flow field, whilst the modulus of the tangential
velocity results to be equal to the cross-velocity component, indeed the radial velo-
city generated by the vortex is considered negligible. Thus, the tangential velocity,
Vθ, was defined as:
Vθ =
W
|W |
√
V 2 +W 2 (3.2)
Vθ corresponds to the cross-velocity component with the sign of the velocity com-
ponent orthogonal to the traverse direction, W .
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No α [deg] U∞ [m/s] x/c z/c
Series IV 01 8 20 3 -0.0816
Series IV 02 8 20 3 -0.0612
Series IV 03 8 20 3 -0.0408
Series IV 04 8 20 3 -0.0204
Series IV 05 8 20 3 0
Series IV 06 8 20 3 0.0204
Series IV 07 8 20 3 0.0612
Series IV 08 8 20 3 0.0816
Series IV 09 8 20 3 0.1020
Series IV 10 8 20 3 0.1224
Series IV 11 8 20 3 0.1429
Series IV 12 8 20 3 0.1633
Series IV 13 8 20 2.9 0.0408
Series IV 14 8 20 2.9 0.1020
Series IV 15 8 20 2.9 0.1429
Series IV 16 8 20 3.1 0.0490
Series IV 17 8 20 3.1 0.1102
Series IV 18 8 20 3.1 0.1510
Series IV 19 12 20 3 0.0122
Series IV 20 12 20 3 0.0735
Series IV 21 12 20 3 0.1143
Table 3.9 Test matrix of the rapid scanning measurements performed to investigate
on the secondary vorticity structures.
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Figure 3.67 Sketch of the parameters used to evaluate the vortex velocity vector.
All the samples were acquired as a function of the rotation angle, Φ, and then
transformed in the cartesian coordinates associated with the fixed frame of reference
through the following equations:
x = x′
y = Ypos + Larm sin(Φ) + Lprobe sin(γ)(1 + cos(Φ))
z = Zpos − Larm(1 + cos(Φ)) + Lprobe sin(γ) sin(Φ)
(3.3)
where (Ypos, Zpos) is the position of the probe tip corresponding to Φ = 180◦, that
is the mean vortex centre location.
3.6.4 Evaluation of the instantaneous vortex centre location
As the measured velocity vectors and the measurement points are expressed with
respect to the fixed frame of reference, the evaluation of the vortex centre location
of each scan is needed. This procedure is based on the analysis of the tangential
velocity field, Vθ, and it was inspired by a previous rapid scanning presented in [11],
and for this reason this method will be denoted as Corsiglia method in the follow-
ing. This method is based on the assumption that the radial velocity associated
with the vortex flow field is negligible, and thus the velocity measured in planes
orthogonal to the vortex axis represents the tangential velocity of the vortex, Vθ.
Consequently, the vortex centre lies on the line passing through the measurement
point and orthogonal to the direction of the respective Vθ vector. Therefore, the
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vortex centre results to be detectable by only two samples and its location is the
intersection between the lines perpendicular to the two tangential velocity vectors,
as sketched in Fig. 3.68.
Figure 3.68 Sketch of the Corsiglia method to find the vortex centre of a scan.
Generally, for each scan many couple of samples can be used to evaluate the vor-
tex centre location, but it was found that better results can be obtained by choosing
the samples with higher modulus of the tangential velocity and by evaluating the
vortex centre location of the scan as average of the intersections obtained from the
selected samples. If a scan crosses the vortex core, as shown in Fig. 3.69-a, the
maximum of |Vθ| is theoretically observed two times in correspondence of the core
radius. For this case six samples were used to individuate the vortex centre, which
are the two maxima of the tangential velocity and the four points that surround
them. When a scan misses the vortex core, as for Fig. 3.69-b, there is only one peak
of |Vθ|, which is the sample acquired at the location closest to the vortex centre.
In this case the peak tangential velocity and the six samples that surround it were
used to individuate the vortex centre. Furthermore, also scans at which two peaks
of the tangential velocity were observed, but the modulus difference between each
other was less than 10% of the maximum of |Vθ| were assimilated to this case.
For each couple of the selected samples the intersection generated by the lines
perpendicular to the respective tangential velocity vector can be evaluated, and
thus the vortex centre location of the scan was determined as the average of all the
intersection points.
However, supposing that a scan is performed exactly across the vortex centre and
the path of the probe is a straight line, all the measured tangential velocity vectors
result to be normal to the traverse direction and parallel each other. Consequently,
the vortex centre cannot be evaluated as average of the intersections of the lines
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a) b)
Figure 3.69 Example of the measured modulus of the tangential velocity, |Vθ|, for
the condition U∞ = 20 m/s, α = 8◦ and x/c = 5: a) the scan crossed
the vortex core; b) the scan missed the vortex core.
orthogonal to the tangential velocity vectors. Practically, errors in the evaluation
of the vortex centre increase rapidly by reducing the normal distance between the
scan direction and the vortex centre because the tangential velocity vectors are
roughly parallel, and thus an alternative method is needed.
For all the scans performed very close to the vortex centre a second method was
applied, denoted as linear method in the following, that is based on the assumptions
that the vortex core is characterized by an axisymmetric tangential velocity field
and linearly dependent on the radial distance from the vortex centre, and that the
radial velocity component generated by the vortex is negligible. These assumptions
are considered to be reliable by different experimental works, as [35], or to be an
appropiate model of the vortex velocity field as proposed by [22].
From the sketch reported in Fig. 3.70 the vortex centre is located between the two
samples, Pi and Pi+1, which show different sign of the normal velocity component,
W . The straight line interpolating the velocity componentW between Pi and Pi+1
crosses the zero value exactly in correspondence of the spanwise coordinate of the
vortex centre, YC . As the slope of the normal velocity, W , is calculated as follows:
slopeW =
W (Pi)−W (Pi+1)
y(Pi)− y(Pi+1) (3.4)
the spanwise coordinate of the vortex centre, YC , can be evaluated as:
YC = y(Pi)− W (Pi)
slopeW
(3.5)
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Figure 3.70 Sketch of the linear method used to find the y coordinate of the vortex
centre.
The normal coordinate of the vortex centre ZC was calculated involving Vθ.
Indeed, the vortex centre results to be individuated by the intersection of the
straight line crossing a measurement point and perpendicular to the respective
tangential velocity vector and the line y = YC . As for the previous method, the
vortex centre is then calculated as average of all the intersections obtained from
the selected samples with higher tangential velocity modulus.
Finally, for the procedure to identify the vortex centre of each scan an algorithm
was implemented which consists of both the methods, so that uncertainties intro-
duced by each method can be reduced. Indeed, for all the scans the vortex centre
is firstly calculated with the linear method, then the intersections generated from
different couples of Vθ vectors are evaluated through the Corsiglia method. Subse-
quently, a control window centred on the spanwise coordinate of the vortex centre
calculated with the linear method and 0.122c wide is introduced. The Corsiglia
method is selected only if at least 70% of the intersection points are located inside
the control window and only these points are used to calculate the vortex centre as
average of the intersection points. Otherwise, the vortex centre coordinates evalu-
ated using the linear method are considered to be the vortex centre location of the
scan, (YC , ZC). The control window takes only the spanwise coordinate, y, into
account because the linear method is less accurate for the evaluation of the ZC .
For most of the scans the vortex centre was individuated through the Corsiglia
method, as shown in Fig. 3.71. Indeed, only for 10% of the scans the vortex centre
was evaluated through the linear method and generally the normal distance between
the traverse and the respective vortex centre was less than 25% of the vortex core
radius (Fig. 3.72).
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a) b)
Figure 3.71 Proper vortex centre evaluation through the Corsiglia method for a
scan at a sufficient normal distance from the vortex centre: a) tangen-
tial velocity vectors; b) vortex centre evaluation.
a) b)
Figure 3.72 Vortex centre evaluated through the linear method due to small normal
distance from the scan direction and the vortex centre: a) tangential
velocity vectors; b) vortex centre evaluation.
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3.6.5 Probability density function of the vortex centre locations
The procedure described in the previous section allows to find the vortex centre
location of each scan, and thus for each condition a distribution of the vortex centre
locations on the cross-plane is obtained from all the scans, as presented in Fig. 3.73.
The vortex wandering was surveyed by representing the vortex centre locations
Figure 3.73 Vortex centre locations evaluated for the condition U∞ = 20 m/s,
α = 8◦ and x/c = 5.
through a bi-variate normal probability density function (2VdF ), as proposed by
[12] and then confirmed by [19], but not assessed through any experimental data.
A 2VdF is expressed through the following equation:
p(y, z) =
1
2piσyσz
√
1− e2 ·
· exp
{
− 1
2(1− e2)
[(
y − y0
σy
)2
+
(
z − z0
σz
)2
− 2e(y − y0)(z − z0)
σyσz
]} (3.6)
where:
(y0, z0) are the coordinates of the centre of the 2VdF ;
σy, σz are the standard deviations on the spanwise and normal directions, respec-
tively.
e is the anisotropy parameter of the 2VdF.
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Considering the vortex wandering, (y0, z0) represent the mean vortex centre po-
sition, (YC , ZC), that can be calculated as average of the spanwise and normal
coordinates, respectively, of the vortex centre locations evaluated from each scan.
The wandering amplitudes along the y-axis and z-axis are represented by σy and σz,
respectively, and e is the term that represents the orientation of the principal axes
of the wandering with respect to the adopted frame of reference. Considering the
matrix A constituted by the two columns of the spanwise and normal coordinates
of the vortex centres evaluated from each scan:
A =


Y1
Y2
Y3
. . .
. . .
Yn


Z1
Z2
Z3
. . .
. . .
Zn

 (3.7)
the three wandering parameters, σy, σz and e, can be calculated from the covariance
matrix of A, denoted as Σ:
Σ =
(
σ2y eσyσz
eσyσz σ
2
z
)
(3.8)
To assess that the assumption of representing the vortex centres distributions
through bi-variate normal probability density functions may be reliable, the Shapiro−
Wilk test for multivariate normality was used, e.g. see [34]. This test produces a
p− value that is approximately 1 for bi-variate normal distributions. In Tab. 3.10
the p − values evaluated for all the tested conditions and locations are reported.
The mean p− value evaluated from the Shapiro−Wilk test for all the tested con-
ditions was 0.9716, which confirms that the assumption of representing wandering
through a bi-variate normal probability density function is sufficiently reliable.
The wandering features were also evaluated through a least square fitting of
the experimental probability density function calculated from the vortex centre
locations. The space domain on the cross-plane was divided by a grid with a
constant spacing of 1 mm, according to the 5HP spatial resolution (Fig. 3.74-a).
The respective discrete probability density function (Fig. 3.74-b) can be evaluated
dividing the times that the vortex centre is encountered into each grid cell with
the area of the cell and the total number of scans performed for the test. A least
square fitting of the experimental probability density function with a 2VdF was
then performed to obtain the mean vortex centre, (YC , ZC), and the wandering
parameters, σy, σz and e. The results obtained from this alternative procedure
are not presented in this work because they are practically the same than the one
obtained through the previous statistical procedure (see [7] for details).
As the wandering parameters are evaluated, the direction of the principal axes of
the wandering can be evaluated from the eigenvectors of the covariance matrix, Σ,
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No α [deg] U∞ [m/s] x/c Shapiro−Wilk test
Series I 01 8 10 2 .9741
Series I 02 8 10 2.5 .9637
Series I 03 8 10 3 .9231
Series I 04 8 10 3.5 .9746
Series I 05 8 10 3.88 .9235
Series I 06 8 10 5 .9445
Series I 07 8 10 5.5 .9716
Series II 01 6 20 3 .9794
Series II 02 8 20 3 .9919
Series II 03 10 20 3 .9817
Series II 04 12 20 3 .9902
Series II 05 14 20 3 .9469
Series II 06 6 20 5 .9885
Series II 07 8 20 5 .9922
Series II 08 10 20 5 .9865
Series II 09 12 20 5 .9883
Series II 10 14 20 5 .993
Series III 01 8 10 3 .9231
Series III 02 8 20 3 .9919
Series III 03 8 30 3 .9872
Series III 04 8 10 5 .9445
Series III 05 8 20 5 .9922
Series III 06 8 30 5 .9942
Table 3.10 Shapiro-Wilk test for multivariate normality applied to each distribu-
tion of vortex centre locations.
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a) b)
Figure 3.74 Evaluation of the probability density function of the vortex centre
locations. Condition U∞ = 10 m/s, α = 8◦ and x/c = 2: a) vortex
centres and meshing of the cross-plane ; b) experimental probability
density function.
while the wandering amplitudes along these two peculiar directions can be evaluated
from the square root of the eigenvalues of Σ.
3.6.6 Analysis of the velocity profiles
The velocity profiles, of both axial and tangential velocity components, obtained
from all the scans performed for a certain condition can be overlapped, as shown in
Fig. 3.75, in order to evaluate the mean velocity profiles. In this way a time-space
average of the velocity profiles is actually performed due to the vortex wander-
ing, and the consequent mean velocity profiles are analogous to the ones obtained
through static measurements.
The procedure to evaluate the vortex centre location for each scan, described in
Section 3.6.4, allows a new frame of reference centred with the vortex centre to be
define. Consequently, each sampling point can be represented as a function of its
radial distance from the vortex centre, r, defined as follows:
r(y, z) =
y − YC
|y − YC |
√
(y − YC)2 + (z − ZC)2 (3.9)
r corresponds to the radial coordinate of a sampling point with the sign of (y−YC)
in order to discerne the two sides of a traverse: an inboard one with respect to
the vortex centre characterized by negative values of r and the outboard side with
positive values of r.
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a) b)
Figure 3.75 Overlapping of the velocity profiles obtained from each scan as a func-
tion of the spanwise coordinate and evaluation of the respective mean
velocity profiles. Condition U∞ = 10 m/s, α = 8◦ and x/c = 5: a)
tangential velocity Vθ/U∞; b) axial velocity (U − U∞)/U∞.
Therefore, this procedure is comparable to a “re-centring” of all the velocity
profiles obtained from each scan. Consequently, the velocity profiles reported as
a function of r can be considered as measurements performed with respect to a
frame of reference fixed with the wandering vortex, and thus they are theoretically
not affected by the wandering. The re-centred velocity profiles, expressed as a
function of the radial distance, r, obtained from each scan, can be overlapped as
shown in Fig. 3.76, allowing to evaluate their respective average. The mean re-
centred velocity profiles represent the actual vortex velocity profiles corrected for
the wandering effects. The average of the re-centred velocity profiles was performed
through a preliminary linear interpolation of the velocity profiles of each scan and
then a discrete average was calculated for various radial distances.
The effects of wandering on static measurements can be then investigated by
comparing the velocity profiles affected by wandering and the velocity profiles cor-
rected for the wandering effects by re-centring the data. The test related to the
condition U∞ = 10 m/s, α = 8◦ and x/c = 3 is now presented as example. For
this condition the wandering amplitudes were evaluated to be σy/c = 0.024 and
σz/c = 0.019, while the anisotropy parameter was found to be e = 0.0105. For
this condition the principal axes of wandering result to be rotated of 1.35◦ with
respect to the adopted frame of reference, with the largest wandering amplitude
along the direction outboard-upwards to inboard-downwards. In Fig. 3.77 the mean
tangential and axial velocity profiles affected by wandering are compared with their
respective re-centred velocity profiles. The smoothing effects, due to the wandering,
on the tangential velocity profiles are generally apparent and consist in a decrease
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a) b)
Figure 3.76 Overlapping of the re-centred velocity profiles obtained from each scan
as a function of the radial distance, r, from the instantaneous vor-
tex centre and evaluation of the respective mean velocity profiles not
affected by the wandering. Condition U∞ = 10 m/s, α = 8◦ and
x/c = 5: a) tangential velocity Vθ/U∞; b) axial velocity (U−U∞)/U∞.
of the peak tangential velocity, an increase of the vortex core radius (i.e. the di-
stance between the vortex centre and the location of the peak tangential velocity)
and a reduced strength of the vortex represented by a decrease of the tangential
velocity gradient at the vortex centre.
In Fig. 3.77-b the axial velocity profile affected by wandering is also compared
to the respective re-centred velocity profiles corrected for wandering. An axial
velocity defect is generally detected in correspondence of the vortex centre for both
wandering affected and corrected velocity profiles. Furthermore, overshoots of the
axial velocity are detected in correspondence of the core radius. For the axial
velocity profiles the wandering smoothing effects consist in reducing the modulus
of both the deficit at the vortex centre and the overshoot at the core radius.
Moreover, the mean velocity profiles were corrected for wandering effects through
a method based on the Richardson − Lucy algorithm proposed in Section 3.5.2.
This correction method is based on the deconvolution of the measured velocity
filed with the 2VdF that represents the wandering. The correction of the velocity
profiles was performed using as wandering amplitudes the ones evaluated along the
principal axes of wandering, σ1 and σ2, that are the only directions at which it
is possible to perform a proper 1D wandering correction taking a 2D motion of
the vortex centre into account. Consequently, for the scans performed along the
spanwise direction this correction allows a confidence interval of the actual velocity
field to be evaluated. From Fig. 3.77-a it is apparent that the re-centred rapid
scanning tangential velocity profile results to be comparable to the rapid scanning
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a)
b)
Figure 3.77 Comparison of rapid scanning data, RS, re-centred rapid scanning
data, RS Recent., and rapid scanning data corrected through the
Richardson − Lucy algorithm using as wandering amplitude σ1,
RS Corr S1, or σ2, RS Corr S2. Condition U∞ = 10m/s, α = 8◦ and
x/c = 3: a) tangential velocity Vθ/U∞; b) axial velocity (U−U∞)/U∞.
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data corrected for the wandering effects though the Richardson−Lucy algorithm.
Furthermore, the re-centred axial velocity profile obtained from the rapid scanning,
reported in Fig. 3.77-b, is, as expected, almost equal to the velocity profile corrected
through the Richardson−Lucy algorithm using as wandering amplitude σ1 because
the principal direction with the largest wandering amplitude, σ1, is rotated with
respect to the traverse direction of only 1.35◦. Therefore, this results confirm that
the re-centring of the rapid scanning data is a technique to properly correct the
wandering effects on the rapid scanning measurements.
The mean tangential velocity profiles were used to estimate the circulation rolled-
up into the vortex, which is fundamental to evaluate the vortex parameters, as V1 or
r1, and to obtain information about flow vorticity structures. The measured circu-
lation was then fitted through the model proposed by [22]. Interestingly, comparing
the circulation calculated from the rapid scanning data affected by wandering with
the one corrected for wandering effects a measured vortex more diffuse and weaker
than in reality is apparent (Fig. 3.78).
Figure 3.78 Comparison of the circulation evaluated from the data affected by
wandering and the re-centred data. Condition U∞ = 10 m/s, α = 8◦
and x/c = 3.
The standard deviation related to the measured velocity profiles was also sur-
veyed to mainly investigate on the vortex wandering and also on other dynamics
present in the vortex flow field. For both wandering affected and re-centred velo-
city profiles the standard deviation was calculated, as a function of the spanwise or
radial distance, respectively, between all the samples acquired from different scans
at the same coordinate. In Fig. 3.79 the standard deviations of the tangential and
axial velocities, both affected or corrected for wandering, related to the condition
U∞ = 10 m/s, α = 8◦ and x/c = 3 are presented. A reduction of the standard de-
viation in proximity to the vortex centre by re-centring the data is apparent. This
suggests that the standard deviation calculated for the data affected by wandering
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in proximity to the vortex centre is mainly a measurement of the vortex wander-
ing. The reduction of the standard deviation by re-centring the rapid scanning
data is more evident for the tangential velocity, as already observed in [12] and in
Section 3.4.4. Therefore, the standard deviation evaluated for the re-centred data
a) b)
Figure 3.79 Standard deviation as a function of the radial distance from the vortex
centre evaluated for the rapid scanning data and their respective re-
centred data. Condition U∞ = 10 m/s, α = 8◦ and x/c = 3: a)
tangential velocity component; b) axial velocity component.
is depurated from wandering effects, and thus only influenced by errors due to the
procedure to find the vortex centre location of each scan and to the 5HP measure-
ment accuracy. In proximity to the vortex centre location an increased standard
deviation of the re-centred data is still observed that is most probably due to the
small number of samples located in that region produced from the re-centring of
the data that do not allow to achive a statistical stationarity of this parameter.
3.7 Static measurements performed through three
component hot film anemometry
A three component hot film probe was used to measure the velocity components
generated by a wing-tip vortex thanks to its sufficient small size that implies high
spatial resolution and negligible interference with the flow if the probe is set in
the direction of the free-stream, as observed by [12] and confirmed in Section 3.3.
Moreover, the high frequency resolution of the hot film probes allows to perform
an adequate statistical and spectral analysis of the velocity signals. Static mea-
surements were performed through this measuring technique even though they are
affected by the wandering smoothing effects. These data should be analogous to
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the rapid scanning data obtained without the application of the re-centring data
procedure, which was used to correct the wandering effects. As proposed by [12],
and then confirmed by the numerical simulation presented in Section 3.5.1, the
wandering characteristics can be also evaluated from static measurements.
3.7.1 Setup
Static velocity measurements were carried out with a triple sensor hot film anemome-
ter, denoted as 3HFP in the following. The probe used in the present experimental
campaign was a TSI 1299− 20− 18 . The three sensors are nominally orthogonal
and the probe is designed to minimize both the thermal wake interference between
the sensors and the flow disturbances created by the prongs and the probe stem,
keeping its size small to achieve 2.5 mm spatial resolution. The probe was con-
nected to an IFA AN −1003 made by A.A. Lab−Systems. The 3HFP was fixed
on a suitable holder placed on the tip of a forward-swept wing to minimize the in-
terference effects of the measurements apparatus with the flow. The forward-swept
wing was in turn mounted on the traversing apparatus already used for the rapid
scanning.
The 3HFP was calibrated with the analytical method proposed by [26], which
associates the three output voltage produced by the sensors with the modulus, the
pitch and yaw angles of the instantaneous velocity vector. The velocity signals gen-
erated from each sensor represent a measurement of the so-called effective cooling
velocity, Ueff , which is estimated by the Jorgensen law as:
U2eff = u
2
N + k
2u2T + h
2u2B (3.10)
where:
uN is the normal velocity component that is orthogonal to the sensor and lies on
the plane of its supporting prongs;
uT is the tangential velocity component that is parallel to the sensor;
uB is the binormal velocity component orthogonal to the plane of the sensor sup-
porting prongs;
h, k are two direction sensitivity parameters, characterizing each sensor, that de-
pend on the probe geometry, the prongs interference and the thermal wake
effects that significantly influence the sensors response. The first parameter,
h, is of order 1 while k is one order of magnitude smaller.
The parameters h and k were evaluated for each sensor through the following
procedure:
• a preliminary velocity magnitude calibration was performed with the tested
sensor set orthogonally to the free-stream and by varying the free-stream
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velocity. The output voltage obtained from the sensor is associate with the
free-stream values through a fourth order polynomial equation.
• An angular calibration to evaluate k, which was performed by setting the
tested sensor horizontally as to keep uB = 0. For this configuration Eq. 3.10
can be expressed as follows:
U2eff = U
2
∞cos
2(β) + k2U2∞sin
2(β) (3.11)
where β is the yaw angle formed by the free-stream direction and the direction
normal to the sensor and lying on the prongs plane. The parameter k was
then calculated through a least square fitting of the data obtained by varying
the probe yaw angle, β, from −60◦ to 60◦ with a step of 2◦.
• An angular calibration was also performed to evaluate h. The probe stem was
placed in the free-stream direction and the probe pitch angle, α, was varied
from −60◦ to 60◦ with a step of 2◦. For this configuration Eq. 3.10 can be
expressed as follows:
U2eff = U
2
∞cos
2(βsensor)cos2(α) + k2U2∞sin
2(βsensor)cos2(α) + h2U2∞sin
2(α)
(3.12)
As k is already evaluated, βsensor is the angle between the sensor and the
probe stem, which is a geometric characteristic of the probe, h can be evalu-
ated through a least square fitting of the calibration data
3.7.2 Measurements conditions and locations
The sampling frequency of these tests was set at 2 kHz and the sampling period was
33 s. Both these two parameters were chosen through a preliminary tests series.
For each condition a preliminary test was performed to detect the mean vortex
centre location, through a real-time display of the velocity vectors. The traverses
were then performed along the spanwise direction in order to compare these data
to the rapid scanning measurements.
The test matrix was determined in analogy to the previous tests, and thus three
main test series were performed with the 3HFP . The tests were carried out by
varying the streamwise distance from the model in order to analyse the evolution of
the vortex by proceeding downstream. Other tests were performed to evaluate the
effects of the variation of the angle of attack and the Re-dependency of the vortex.
The test matrix for the 3HFP static measurements is reported in Tab. 3.11.
3.7.3 Processing of the velocity signals
In this section the procedure used to analyse the velocity signals obtained through
the 3HFP is described. A statistical analysis of all the three velocity components,
U , V and W , and of the tangential velocity generated by the vortex, Vθ already
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No α [deg] U∞ [m/s] x/c
Series I 01 8 10 1
Series I 02 8 10 2
Series I 03 8 10 3
Series I 04 8 10 4
Series I 05 8 10 5
Series II 01 4 20 3
Series II 02 6 20 3
Series II 03 8 20 3
Series II 04 10 20 3
Series II 05 12 20 3
Series II 06 4 20 5
Series II 07 6 20 5
Series II 08 8 20 5
Series II 09 10 20 5
Series II 10 12 20 5
Series III 01 8 10 5
Series III 02 8 20 5
Series III 03 8 30 5
Table 3.11 Test matrix of the 3HFP static measurements.
defined in the Eq. 3.2, was performed by calculating the following quantities for
each measurement point: mean value, root mean square value (RMS), standard
deviation; skewness (i.e. the third order statistic moment), kurtosis (i.e. the fourth
order statistic moment) and the cross-correlation coefficient between the velocity
components.
In Fig. 3.80 typical velocity profiles of the spanwise component, V , of the normal
component, W , and of the respective tangential velocity, Vθ, measured through a
spanwise traverse are shown. As expected, a traverse performed along the span-
wise direction across the mean vortex centre is characterized by a mean value of
the spanwise velocity component, V , almost equal to zero. Measurements with in-
creased modulus of V are present just for points located in proximity to the vortex
centre, which is obviously an effect of the vortex wandering. Consequently, the
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normal velocity component, W , results to be roughly equal to the tangential velo-
city, Vθ. Moreover, this confirms that the radial velocity generated by the vortex
is roughly negligible.
Figure 3.80 Tangential velocity, Vθ, normal velocity, W , and spanwise velocity,
V , obtained from the 3HFP static measurements performed for the
condition U∞ = 10 m/s, α = 8◦ and x/c = 1.
The tangential and axial velocity profiles obtained from the 3HFP static mea-
surements are then compared with the ones obtained through the rapid scanning
technique. An example regarding the condition U∞ = 10 m/s, α = 8◦ and x/c = 3
is reported in Fig. 3.81 confirming that the rapid scanning data affected by wander-
ing effects can be practically considered as static measurements. Furthermore, the
good agreement between the 3HFP static measurements and the rapid scanning
data affected by wandering reveals the reliability of both the two measurement
techniques.
The evaluation of the spanwise coordinate of the mean vortex centre, YC , the
core radius, r1, the peak tangential velocity, V1 and the tangential velocity gradient
at the vortex centre was carried out by fitting the measured circulation through
the model proposed by [22], as already described in Section 3.6.6.
Proceeding with the statistical analysis of the velocity signals, the typical trend
of the skewness and kurtosis evaluated for the axial, U , and the normal,W , velocity
components are reported in Fig. 3.82. As proposed in Section 3.6.2, the skewness
of W can be very useful to evaluate V1 and r1 when velocity profiles are highly
affected by wandering. Indeed, the skewness modulus of W presents a maximum
in correspondence of the vortex core radius, r/r1 = ±1, and it is roughly zero at
the vortex centre, as shown in Fig. 3.82-a. Furthermore, the core radius, r1, can
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a) b)
Figure 3.81 Comparison of 3HFP static measurements, rapid scanning data and
re-centred rapid scanning data. Condition U∞ = 10 m/s, α = 8◦ and
x/c = 3: a) tangential velocity; b) axial velocity.
be also evaluated from the maximum of the kurtosis of the W velocity component
(Fig. 3.82-b). The skewness of the axial velocity, U , can be used to analyse the
shape of the wake centreline; indeed, in Section 3.6.2 it was observed that a local
maximum of this parameter is present in correspondence of a point of the wake
centerline.
[12] proposed to represented the vortex wandering through a bi-variate normal
probability density function 2VdF, expressed through the Eq. 3.6, even though
this assumption was not assessed through any experimental result. Consequently,
wandering is characterized by its amplitudes along the spanwise direction, σy, and
along the normal direction, σz, and by the anisotropy parameter e that represents
the orientation of the principal axes of wandering with respect to the adopted frame
of reference. The wandering amplitudes, σy and σz, can be evaluated as the ratio
between the RMS of the normal velocity, W , and of the spanwise velocity, V , re-
spectively, and the tangential velocity gradient measured in correspondence of the
mean vortex centre. This criterion was confirmed also from the numerical simula-
tions of the wandering of a Lamb-Oseen vortex presented in in Section 3.5.1, but
just for wandering amplitudes smaller than 60% of the core radius, over this value
the error increases with increasing wandering amplitude. This procedure to evalu-
ate the wandering amplitudes from static measurements was applied to the data
obtained from the 3HFP traverses. The RMS of the normal, W , and spanwise,
V , velocity components was investigated together with the standard deviation of
the same quantities. The typical profiles of both RMS and standard deviation of
V and W are shown in Fig. 3.83-a and b, respectively. Considering the spanwise
velocity component, V , its RMS and standard deviation are substantially coinci-
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a) b)
Figure 3.82 Statistical analysis of the normal, W , and axial, U , velocity compo-
nents. Condition U∞ = 10 m/s, α = 8◦ and x/c = 4: a) skewness; b)
kurtosis.
dent for each measurement point, and both present a peak in correspondence of the
mean vortex centre, see Fig. 3.83-a. This result is typical for a spanwise traverse
that crosses the mean vortex centre very precisely because RMS and standard de-
viation of V are theoretically the same being the mean value of V roughly equal to
zero for all the measurement points. Again, this analysis permits to assess that the
radial velocity connected to the vortex is negligible. Comparing Fig. 3.83-a with
Fig. 3.83-b, it is evident that the standard deviation profile of the normal velocity,
W , is characterized by an analogous profile than the one related to the spanwise
velocity, V , as the standard deviation is not influenced by the mean velocity values.
The standard deviations of both the V and W confirm that the region with the
highest flow unsteadiness is the mean vortex centre and the difference between the
respective peaks allows to know if the wandering occurs prevalently in the spanwise
direction, if the peak standard deviation of W is larger, or vice versa. The RMS
profile of W , completely different than the one related to V , presents two maxima
in correspondence of the vortex core radius, r/r1 = ±1, and a minimum at the
core centre, where it roughly assumes the same value of the peak of the standard
deviation because in the vortex centre the mean value of W is roughly zero.
Concluding, the simultaneous analysis of RMS and standard deviation of both
spanwise, V , and normal, W velocities ensures a sufficient accuracy on the evalua-
tion of the wandering amplitudes from the 3HFP static measurements.
From the numerical simulations presented in Section 3.5.1 the anisotropy pa-
rameter, e, of the 2VdF, which represents the wandering, was found to be equal to
the opposite value of the cross-correlation coefficient between the spanwise and the
normal velocity components measured at the mean vortex centre location. Actually
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a) b)
Figure 3.83 Evaluation of RMS and standard deviation from the 3HFP static
measurements. Condition U∞ = 20 m/s, α = 10◦ and x/c = 3: a)
spanwise velocity, V ; b) normal velocity, W .
the evaluation of this parameter from the measured velocity components does not
seem to be very accurate, as can be observed from the scattering of e in Fig. 3.84.
A spectral survey of the velocity signals was also performed but it did not reveal
any fundamental understanding, but a general increase of the fluctuations energy
was observed by approaching the vortex centre from outside.
3.8 Wandering analysis
The characterisation of the vortex wandering and the analysis of the wandering
smoothing effects on static measurements is now presented. This analysis was per-
formed through both the rapid scanning tests and the 3HFP static measurements.
When it was possible these data were compared to static measurements previously
performed with the 5HP and presented in Section 3.6.2. The data analysis is orga-
nized as follows: firstly, the evolution of the wandering by proceeding downstream
was investigated, then the effects of the variation of the angle of attack was evalu-
ated and, finally, the Re-dependency of the vortex wandering. Furthermore, a brief
analysis of secondary vorticity structures surrounding the main vortex is provided.
3.8.1 Streamwise variation of the vortex wandering
For this survey the tests performed with a free-stream velocity U∞ = 10 m/s,
corresponding to a Reynolds number ofRe = U∞c/ν ∼= 169000, wing angle of attack
α = 8◦ and the stream-wise positions ranged from 0.1c up to 6c were analysed.
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Figure 3.84 Cross-correlation coefficient between the spanwise, V , and normal,
W , velocities calculated for the condition U∞ = 20 m/s, α = 10◦ and
x/c = 3.
As already denoted in Section 3.6.6, the behaviour of the wandering amplitude
by proceeding downstream can be qualitatively surveyed from the analysis of the
standard deviation of the tangential velocity, Vθ, divided by the gradient of Vθ
measured at the mean vortex centre. This quantity, evaluated from the rapid
scanning data affected by the wandering, is shown in Fig. 3.85. Analogous results,
not presented in this work, were also obtained from the 3HFP static measurements.
This plot reveals that the wandering amplitude gradually increases by proceeding
downstream and becomes significant for the locations x/c = 5 and 5.5.
The wandering is represented through a bi-variate normal probability density
function, 2VdF, expressed in Eq. 3.6, which was found to be a proper representation
of the vortex wandering by applying the Shapiro − Wilk test for multivariate
normality to the vortex centre distributions obtained from each condition tested
with the rapid scanning (Section 3.6.5). This feature was also confirmed from the
least square fitting of the experimental probability density functions evaluated from
the rapid scanning data and presented in [7].
As already explained in Section 3.6.5, for a rapid scanning test the spanwise and
normal coordinates of the mean vortex centre, (YC , ZC), are calculated as average
of the respective coordinates of the vortex centres evaluated from each scan. The
wandering amplitudes, σy and σz, and the anisotropy parameter, e, were evaluated
from the covariance matrix of the matrix constituted by the two columns of the
spanwise and normal coordinates of the vortex centres evaluated from each scan.
The wandering parameters evaluated from the rapid scanning tests performed to
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Figure 3.85 Standard deviation of the tangential velocity, Vθ, divided by the gra-
dient of Vθ measured at the mean vortex centre. Rapid scanning tests
affected by the wandering for U∞ = 10 m/s and α = 8◦ and different
streamwise locations.
investigate on the streamwise evolution of the wandering are reported in Tab. 3.12.
For the static measurements performed with the 3HFP the wandering character-
istics were evaluated through the method proposed by [12], and confirmed through
the numerical simulation presented in Section 3.5.1. The wandering characteristics
evaluated from the 3HFP static measurements performed at U∞ = 10m/s, α = 8◦
and different streamwise locations are reported in Tab. 3.13.
The wandering characteristics evaluated from the 5HP traverse data are also
reported in Tab. 3.14.
Considering the wandering amplitudes reported in Fig. 3.86 a good agreement
is found from the results obtained from the present experimental campaign and
the previous 5HP static measurements. The wandering amplitude in the spanwise
direction, σy, is generally larger than the normal one, σz, and both increase by
proceeding downstream, confirming the qualitative observations gained from the
analysis of the standard deviation of Vθ, (Fig. 3.85). This behaviour was already
observed by [36] and from the flow visualizations presented in Section 3.3. Further-
more, these results are in good agreement with the findings of [12] and [19].
As can be observed in Fig. 3.87 the anisotropy coefficient, e, is the wandering
parameter evaluated with the largest uncertainty. Indeed, from the static measure-
ments this feature could be due to the inaccuracy on the evaluation of the cross-
correlation coefficient between the spanwise, V , and normal,W , velocities measured
at the mean vortex centre, whereas for the rapid scanning even relative small er-
rors on the evaluation on the vortex centres distributions can produce large error
on the anisotropy of the 2VdF. Consequently, the evaluation of the angle formed
between the principal axes of the wandering and the frame of reference, Θ, also
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shows high uncertainty. However, Θ is generally positive indicating that wandering
occurs with the largest amplitude along upwards-outboard to downwards-inboard
direction.
a) b)
Figure 3.86 Wandering amplitudes evaluated for the tests performed with U∞ =
10 m/s, α = 8◦ and by varying the streamwise location: a) wandering
amplitude in the spanwise direction, σy; b) wandering amplitude in
the normal direction, σz.
In Fig. 3.88-a the spanwise coordinate of the mean vortex centre, YC , is plotted
as a function of the streamwise distance. The YC evaluated from the three different
measurement techniques are generally in good agreement and it was found that the
vortex centre always moves inboard, with displacements roughly proportional to
the square root of the streamwise distance, in good agreement with the findings of
[12] and to the prediction model proposed by [6]. Moreover, the normal position of
the vortex centre, ZC , results to be roughly invariant by proceeding downstream
(Fig. 3.88-b).
The procedure used to correct the rapid scanning data for the wandering smooth-
ing effects has been already explained in Section 3.6.6 and it consists in a re-centring
of the velocity profiles with respect to the instantaneous vortex centre evaluated
from each scan. Comparing the mean tangential velocity profiles affected by wan-
dering with the corrected ones the wandering smoothing effects on static measure-
ments can be qualitatively highlighted for all the tested locations (Fig. 3.89). The
wandering smoothing effects on the tangential velocity profiles consist in a decrease
of the peak tangential velocity, V1, an increase of the vortex core radius, r1, (i.e.
the distance between the vortex centre and the location of the peak tangential
velocity) and a reduced strength of the vortex represented by a decrease of the
tangential velocity gradient at the vortex centre. Consequently, the vortex charac-
terized through measurements affected by wandering seems to be more diffuse and
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Figure 3.87 Anisotropy parameter, e, of the 2VdF evaluated from the tests per-
formed with U∞ = 10 m/s, α = 8◦ and different streamwise locations.
a) b)
Figure 3.88 Evaluation of the mean vortex centre for the tests performed with
U∞ = 10 m/s, α = 8◦ and different streamwise locations: a) spanwise
mean vortex centre coordinate, YC ; b) normal mean vortex centre
coordinate, ZC .
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a) b)
Figure 3.89 Comparison of rapid scanning data and re-centred rapid scanning
data. Tangential velocity profiles evaluated for the conditions U∞ =
10 m/s, α = 8◦ and different downstream locations: a) re-centred
rapid scanning data; b) rapid scanning data.
weaker than in reality.
The principal parameters inherent to the tangential velocity profiles evaluated
from the rapid scanning data are reported in Tab. 3.15. These parameters are the
peak tangential velocity, V1, the core radius, r1, the circulation evaluated at r1,
Γ1, and the tangential velocity gradient calculated at the vortex centre. All the
parameters were evaluated as average between the inboard and the outboard sides
of the traverses with respect to the mean vortex centre location and evaluated by
fitting the experimental data through the model proposed by [22].
The analogous tangential velocity profiles obtained through the 3HFP static
measurements are reported in Fig. 3.90 and reveal a good agreement with the
rapid scanning measurements affected by wandering.
The vortex parameters evaluated from the static measurements performed with
the 3HFP are also reported in Tab. 3.16. The good agreement between these re-
sults and the ones obtained from the rapid scanning data affected by the wandering
confirms that the latter can be considered as static measurements.
In Fig. 3.91 the peak tangential velocity, V1, and the core radius, r1, evaluated
from rapid scanning, both affected or corrected for wandering, from 3HFP and
5HP static measurements are compared as a function of the streamwise distance.
A slight difference between the rapid scanning, 3HFP data and the 5HP measure-
ments is observed because the latter consists in measurement grids, and thus the
parameters were evaluated on each cross-plane, not only in the spanwise direction
as performed for the present tests, hence the difference are due to a not axisym-
metric vortex. All the measurements affected by wandering highlight an increase
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Figure 3.90 Tangential velocity, Vθ, evaluated from 3HFP static measurements
for the tests performed with U∞ = 10 m/s, α = 8◦ and different
streamwise locations.
a) b)
Figure 3.91 Comparison of rapid scanning data, RS, re-centred rapid scanning
data, RS Recent., 5HP and 3HFP static measurements. Conditions
U∞ = 10 m/s, α = 8◦ and different downstream locations: a) peak
tangential velocity, V1; b) core radius, r1.
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Re-centred Data
α [deg] U∞ [m/s] x/c Vθ1/U∞ r1/c Γ1/Γ0 Γ1/ν Grad(Vθ/U∞) [mm−1]
2 0.419 0.030 0.253 11694 42.6
2.5 0.408 0.030 0.250 11548 40.8
3 0.402 0.031 0.251 11565 41.7
8 10 3.5 0.409 0.032 0.267 12331 38.4
3.88 0.384 0.031 0.239 11047 34.9
5 0.388 0.035 0.277 12778 36.2
5.5 0.376 0.033 0.251 11591 34.9
Data affected by Wandering
2 0.391 0.030 0.244 11276 28.6
2.5 0.356 0.036 0.259 11966 22.8
3 0.324 0.037 0.277 12764 19.1
8 10 3.5 0.324 0.038 0.252 11613 19.9
3.88 0.309 0.039 0.248 11449 17.5
5 0.277 0.050 0.279 12897 11.2
5.5 0.258 0.061 0.317 14619 8.7
Table 3.15 Vortex parameters related to the rapid scanning performed at U∞ =
10 m/s, α = 8◦ and different downstream locations.
of the core radius and a decay of the peak tangential velocity by increasing the
streamwise distance, which might suggest that a diffusion of the vortex is taking
place. However, this phenomenon is not confirmed by the downstream evolution
of the re-centred velocity profiles, at which V1 and r1 are fairly constant for all
the tested conditions. Therefore, this apparent diffusion of the vortex seems to be
generated just by the smoothing effects due to wandering, or at least the diffusion
rate of the vortex is much lower than what is observed from the the wandering
affected data.
Figure 3.92 shows that the percentage error made on the evaluation of V1 and
r1, evaluated from the rapid scanning data affected by wandering with respect
to the corrected data, strongly increases by moving downstream and about 30%
underestimate of V1 and about 85% overestimate of r1 at a streamwise location
x/c = 5.5 are observed; at this location the wandering amplitude is equal to 127%
of the actual core radius (69% of the core radius affected by wandering).
Analogously, the wandering smoothing effects on the axial velocity profiles were
investigated considering the same tests performed at different streamwise locations.
Firstly, the measurements affected by wandering are compared to their respective
re-centred axial velocity profiles (Fig. 3.93). The axial velocity profiles, both af-
fected by the wandering and re-centred ones, generally show a significant defect
region in correspondence of the vortex centre and overshoots of the axial velocity
are observed approximately at the core radius. The axial velocity defect at the
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Figure 3.92 Percentage error on the evaluation of the peak tangential velocity, V1,
and of the core radius, r1, between rapid scanning data and re-centred
rapid scanning data. Conditions U∞ = 10 m/s, α = 8◦ and different
streamwise locations.
a) b)
Figure 3.93 Axial velocity profiles measured through the rapid scanning with
U∞ = 10 m/s, α = 8◦ and different downstream locations: a) re-
centred data; b) data affected by the wandering.
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α [deg] U∞ [m/s] x/c Vθ1/U∞ r1/c Γ1/Γ0 Γ1/ν Grad(Vθ/U∞) [mm−1]
1 0.4375 0.031 0.271 14199 18.1
2 0.397 0.033 0.263 13779 18.0
8 10 3 0.332 0.039 0.261 13675 18.0
4 0.310 0.041 0.257 13465 12.0
5 0.333 0.045 0.302 15823 11.5
Table 3.16 Vortex parameters obtained from the 3HFP static measurements per-
formed at U∞ = 10 m/s, α = 8◦ and different downstream locations.
vortex centre is a feature already observed by different authors (i.e. [11], [35], [17]).
Furthermore, analogous results were found through the 5HP static measurements.
As for the analysis of the tangential velocity component, wandering produces the
effect of smoothing the axial velocity profiles, and thus the modulus of both the
deficit at the vortex centre and the overshoot at the vortex radius are reduced.
Obviously, these effects are more evident by proceeding downstream due to the
increase of the wandering amplitude.
The axial velocity profiles obtained through the 3HFP static measurements are
generally comparable to the rapid scanning data affected by wandering (Fig. 3.94).
However, the traverses performed at x/c = 1 and 2 reveal that the mean vortex cen-
Figure 3.94 Axial velocity profiles obtained from the 3HFP static measurements.
Conditions U∞ = 10 m/s, α = 8◦ and different streamwise locations.
tre seems to be surrounded by two axial velocity defects, instead of a single velocity
defect usually detected from the remaining tests. Interestingly this flow characteri-
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stic was also slightly shown from the re-centred rapid scanning data related to the
location x/c = 2, as reported in Fig. 3.95. A vortex centre surrounded by two axial
Figure 3.95 Axial velocity profiles related to the condition U∞ = 10 m/s, α =
8◦ and x/c = 2. Comparison of re-centred rapid scanning data and
3HFP static measurements.
velocity defects was also observed through the Large Eddy Simulation performed
by [16]. These authors argued that this flow feature is probably connected to the
early roll-up phase of the wing-tip vortex, indeed to the merging process of various
secondary vorticity structures that might surround the main vortex. Concluding,
it is difficult to draw a clear conclusion about this flow feature from the present
experimental campaign.
The axial velocity defect in correspondence of the mean vortex centre, UD, is
calculated as the difference between the axial velocity at the mean vortex centre,
Uc, and the free-stream velocity: so that UD = Uc−U∞. Furthermore, the quantity
|UD|/V1 was evaluated, denoted as Rossby number. [3] suggested that the Rossby
number can be considered as a controlling parameter for the wandering instead
of the vortex Reynolds number (Γ1/ν). Both UD/U∞ and UD/V1 were evaluated
from the rapid scanning tests (Tab. 3.17) and from the 3HFP static measurements
(Tab. 3.18).
From Fig. 3.96 it is seen that the modulus of the axial velocity defect, |UD|,
decreases of 32% by proceeding from x/c = 2 to x/c = 5.5 considering the rapid
scanning data affected by wandering, whereas re-centring the rapid scanning data
|UD| increases of 69%. Consequently, the percentage error made on the evaluation
of UD, due to the vortex wandering, linearly increases with increasing streamwise
distance, as shown in Fig. 3.97.
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Figure 3.96 Axial velocity defect, UD, evaluated from the tests performed with
U∞ = 10 m/s, α = 8◦ and by varying the streamwise distance.
Figure 3.97 Percentage error due to the wandering on the evaluation of UD from
the rapid scanning data.
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Conditions UD/U∞ UD/V1
α [deg] U∞ [m/s] x/c RS Recent. RS RS Recent. RS
2 -0.135 -0.106 -0.324 -0.272
2.5 -0.149 -0.110 -0.366 -0.309
3 -0.161 -0.093 -0.402 -0.286
8 10 3.5 -0.184 -0.114 -0.451 -0.352
3.88 -0.171 -0.069 -0.446 -0.223
5 -0.215 -0.080 -0.555 -0.290
5.5 -0.228 -0.072 -0.608 -0.278
Table 3.17 Non-dimensional axial velocity defect measured at the mean vortex
centre, UD, and Rossby number evaluated from the rapid scanning
tests.
α [deg] U∞ [m/s] x/c UD/U∞ UD/V1
1 -0.162 -0.37
2 -0.122 -0.307
8 10 3 -0.104 -0.313
4 -0.129 -0.416
5 -0.130 -0.39
Table 3.18 Non-dimensional axial velocity defect measured at the mean vortex
centre, UD, and Rossby number evaluated from the 3HFP static mea-
surements.
Concluding, the behaviour of the Rossby number is very different for the wan-
dering affected or corrected data. In the former case, the Rossby number does
not highlight any well defined trend with increasing streamwise distance because
both |UD| and V1 decrease by proceeding downstream. For the re-centred data the
Rossby number linearly increases because of the linear increase of the module of
UD while V1 remains fairly constant.
3.8.2 Effects of the variation of the angle of attack
To investigate on the effects of the variation of the angle of attack, α, on the
wing tip vortex, rapid scanning tests were performed with a free-stream velocity
U∞ = 20 m/s, at the locations x/c = 3 and x/c = 5, and by varying the wing angle
of attack from 6◦ up to 14◦. The wandering parameters obtained from the rapid
scanning tests are reported in Tab. 3.19.
Analogous 3HFP static measurements were performed but instead of testing the
condition α = 14◦, due to the angular accuracy of the hot film probe, the condition
α = 4◦ was considered. The respective wandering parameters are reported in
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Tab. 3.20.
The wandering parameters evaluated from the 5HP static measurements are
reported in Tab. 3.21.
a) b)
Figure 3.98 Wandering amplitudes evaluated for the tests performed by varying
the wing angle of attack, α: a) wandering amplitude in the spanwise
direction, σy; b) wandering amplitude in the normal direction, σz.
From Tab. 3.19 and Tab. 3.20 it is apparent that the wandering amplitudes, both
in the spanwise or normal directions, are fairly invariant by varying the wing angle
of attack. However, comparing in Fig. 3.98 and Fig. 3.99 the wandering amplitudes
evaluated from the conditions tested through the rapid scanning and 3HFP static
measurements with the ones evaluated through 5HP static measurements for the
condition U∞ = 10 m/s and x/c = 6 it is evident that for the latter a large
reduction of the wandering amplitudes occurs. In other words, it seems that with
the increased free-stream velocity of the present tests, U∞ = 20 m/s instead of
U∞ = 10 m/s, and the smaller downstream distance, x/c = 3 or x/c = 5 instead
of x/c = 6, a stronger vortex is involved, which is less sensitive to the wandering.
Concluding, it seems that increasing the wing angle of attack the vortex wandering
might be reduced because of the increased strength of the vortex; however, it could
be totally insensitive to angle of attack variations if the vortex is already sufficiently
strong to minimize the wandering amplitude.
The anisotropy parameter, e, of the 2VdF representing the wandering seems to
be practically not dependent on the angle of attack variations but it is generally
characterized by positive values (Fig. 3.100).
The spanwise coordinate of the vortex centre, YC , results to be fairly invariant
by varying the wing angle of attack, whereas the vortex moves linearly downwards
by increasing the wing angle of attack (Fig. 3.101). This feature is most probably
due to the increased downwash generated by the vortex itself with increasing inci-
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a) b)
Figure 3.99 Wandering amplitudes evaluated for the tests performed by varying
the wing angle of attack, α: a) wandering amplitude in the spanwise
direction, σy; b) wandering amplitude in the normal direction, σz.
a) b)
Figure 3.100 Anisotropy parameter, e, evaluated for the tests performed by varying
the wing angle of attack, α: a) x/c = 3; b) x/c = 5.
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a) b)
Figure 3.101 Normal coordinate of the mean vortex centre, ZC , evaluated for the
tests performed by varying the wing angle of attack, α: a) x/c = 3;
b) x/c = 5.
a) b)
Figure 3.102 Comparison of rapid scanning data and re-centred rapid scanning
data. Tangential velocity profiles evaluated for the conditions U∞ =
20 m/s, x/c = 3 and by varying the angle of attack, α: a) re-centred
rapid scanning data; b) rapid scanning data.
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dence. Furthermore, the rate of the downwards displacing of the vortex increases
by reducing the vortex strength. Indeed, it was already observed that the vortex
strength decreases by proceeding downstream and, as it will be confirmed in the
following Section 3.8.3, by reducing the free-stream velocity.
a) b)
Figure 3.103 Comparison of rapid scanning data and re-centred rapid scanning
data. Tangential velocity profiles evaluated for the conditions U∞ =
20 m/s, x/c = 5 and by varying the angle of attack, α: a) re-centred
rapid scanning data; b) rapid scanning data.
The evolution of the wandering effects on the tangential velocity profiles by
varying the wing angle of attack, α, is now presented. The data obtained from
rapid scanning and affected by wandering are compared with their respective re-
centred velocity profiles, hence corrected for wandering (Fig. 3.102 and Fig. 3.103).
The wandering smoothing effects on the tangential velocity profiles are evident
for all the tested conditions and, as expected, they are larger for x/c = 5, due to
the increase of the wandering amplitude by moving downstream. The variation
of the angle of attack does not seem to produce any evident difference on the
wandering effects, as the wandering amplitude has been found to be fairly invariant
by varying the angle of attack. The principal vortex parameters evaluated through
the fitting of the rapid scanning data with the model proposed by [22] are reported
in Tab. 3.22.
The tangential velocity profiles obtained from the analogous tests performed with
the 3HFP are reported in Fig. 3.104. The vortex parameters obtained from the
3HFP static measurements and reported in Tab. 3.23.
For this analysis the data are not compared to the 5HP static measurements,
because the latter were performed at a different free-stream velocity.
In Fig. 3.105 the peak tangential velocity, V1, is reported as a function of the
angle of attack. The increment of the vortex strength due to the increased angle of
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a) b)
Figure 3.104 Tangential velocity, Vθ, evaluated from the 3HFP static measure-
ments for the tests performed with U∞ = 20 m/s and different angles
of attack, α: a) x/c = 3 b) x/c = 5.
attack produces an increase of V1, evident from all the data carried out with both
rapid scanning and 3HFP static measurements. V1 seems to be roughly linearly
proportional to the angle of attack for both the locations x/c = 3 and x/c = 5.
Moreover, the difference between the data affected and not affected by wandering
is negligible for x/c = 3, whereas it is more evident for x/c = 5, but for both
the two tested locations the wandering smoothing effects on the evaluation of V1
are fairly invariant by changing the angle of attack. For these tests r1 was found
to also increase roughly linearly with the angle of attack for both the two tested
downstream locations, see Fig. 3.106.
Regarding the wandering smoothing effects on the tangential velocity (Fig. 3.107),
a reduction of the percentage error made on the evaluation of r1 and V1 is found
with increasing angle of attack. Consequently, this analysis suggests that the wan-
dering smoothing effects on the mean tangential velocity profiles slightly decrease
with increasing angle of attack, while the wandering amplitude remains substan-
tially constant. In other words, the wandering is responsible of static measurements
errors that mainly depend on the ratio between the wandering amplitude and the
core radius.
The wandering smoothing effects on the axial velocity measurements are now
considered. Comparing the rapid scanning data performed at x/c = 3 in Fig. 3.108
a switch from an axial velocity defect to an axial velocity excess in correspondence
of the vortex centre occurs by increasing the wing angle of attack, and particularly
it occurs for about α ∼= 9◦. This feature is also confirmed from the analogous
3HFP static measurements presented in Fig. 3.109. The switching from an axial
velocity defect in correspondence of the mean vortex centre, denoted as wake flow,
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a) b)
Figure 3.105 Evaluation of the peak tangential velocity, V1, from the rapid scan-
ning data affected by wandering (RS), re-centred data (RSRecent.)
and from the 3HFP static measurements. Conditions U∞ = 20 m/s
and different angles of attack, α: a) x/c = 3 b) x/c = 5.
a) b)
Figure 3.106 Evaluation of the core radius, r1, from the rapid scanning data af-
fected by wandering (RS), re-centred data (RSRecent.) and from the
3HFP static measurements. Conditions U∞ = 20 m/s and different
angles of attack, α: a) x/c = 3 b) x/c = 5.
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Re-centred Data
α [deg] U∞ [m/s] x/c Vθ1/U∞ r1/c Γ1/Γ0 Γ1/ν Grad(Vθ/U∞) [mm−1]
6 0.360 0.026 0.254 17622 47.4
8 0.452 0.029 0.266 24535 50.7
10 20 3 0.551 0.033 0.300 33940 53.1
12 0.631 0.035 0.307 40294 52.5
14 0.732 0.037 0.331 48682 59.3
6 0.336 0.025 0.229 15932 44.8
8 0.414 0.031 0.260 23979 44.5
10 20 5 0.502 0.034 0.283 32048 45.3
12 0.598 0.036 0.305 40008 46.9
14 0.663 0.038 0.324 47528 52.5
Data affected by Wandering
6 0.334 0.031 0.275 19081 21.0
8 0.434 0.030 0.272 25109 27.6
10 20 3 0.515 0.033 0.283 31998 29.6
12 0.588 0.036 0.292 38292 30.1
14 0.700 0.037 0.320 46945 35.3
6 0.282 0.031 0.232 16135 13.9
8 0.350 0.036 0.252 23289 17.3
10 20 5 0.429 0.037 0.263 29734 21.5
12 0.545 0.036 0.277 36285 24.1
14 0.606 0.037 0.285 41921 28.2
Table 3.22 Vortex parameters evaluated from the rapid scanning tests performed
at U∞ = 10 m/s, x/c = 3 or x/c = 5, and by varying the angle of
attack.
to a velocity excess, jet flow, was already found by [9] for the case of a NACA 0015
wing with a blunt tip and it occurred for a wing angle of attack of 9◦. This feature
was then confirmed by [30]. Analogously, [1] found that the reversing between
wake flow and jet flow occurs at an angle of attack of about 9◦ for a NACA 0015
half-wing with a blunt tip, whereas with a round tip the variation occurs at about
5◦. [17] observed an excess of the axial velocity in the near-field at x/c = 2 both
for α = 10◦ (up to 2.2 U∞) and α = 5◦ (up to 1.6 U∞). Proceeding downstream,
x/c = 10, for α = 10◦ the axial velocity excess is reduced, whereas for α = 5◦ it
reverses in an axial velocity defect (0.6 U∞). Always a defect was found by [35]
(α = 5◦ and α = 10◦) and it became more intense by increasing the angle of attack
and by reducing Re.
Considering now the tests performed at x/c = 5, an analogous scenario it is ob-
served from the measurements affected by wandering in Fig. 3.110-b and Fig. 3.111,
that is a switching from wake flow to jet flow occurs at α ∼= 9◦ by increasing
the wing angle of attack. If the rapid scanning data are corrected for wandering
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α [deg] U∞ [m/s] x/c Vθ1/U∞ r1/c Γ1/Γ0 Γ1/ν Grad(Vθ/U∞) [mm−1]
4 0.213 0.029 0.245 12901 8.9
6 0.335 0.031 0.276 21754 14.5
8 20 3 0.462 0.033 0.305 31961 20.7
10 0.549 0.033 0.296 38055 26.7
12 0.561 0.037 0.294 43775 23.2
4 0.184 0.031 0.227 11953 7.4
6 0.263 0.033 0.231 18207 11.7
8 20 5 0.355 0.035 0.249 26092 14.7
10 0.430 0.037 0.261 33555 19.3
12 0.496 0.039 0.274 40797 19.6
Table 3.23 Vortex parameters obtained from the 3HFP static measurements per-
formed at U∞ = 20 m/s, x/c = 3 or x/c = 5, and different angles of
attack.
(Fig. 3.110-a) a new scenario is revealed. At x/c = 5 an axial velocity defect is
always detected in correspondence of the vortex centre with increasing angle of at-
tack, while overshoots of the axial velocity grow approximately in correspondence
of the core radius. Regarding the tests with α = 12◦ and 14◦, it is seen that
proceeding downstream from x/c = 3 up to x/c = 5 the axial velocity excess in
correspondence of the vortex centre is reversed in an axial velocity defect, while
the axial velocity overshoots at the core radius become significant. Most probably
this phenomenon can be ascribed to the vortex decay due to viscosity occurring
by proceeding downstream. Therefore, for the tests performed with lower angles of
attack, α = 8◦ and 10◦, an axial velocity defect is already detected at x/c = 3 with
the co-presence of overshoots, and moving downstream, at x/c = 5, the diffusion of
the vortex produces an enhanced defect at the vortex centre and velocity excesses
at the core radius are practically absent.
Summarizing, the model of switching from a wake flow to jet flow with increasing
angle of attack does not seem to be very appropriate for a wing tip vortex, whereas
to better represent this flow feature the description proposed by [4] seems to be
more suitable: during the roll-up of a vortex a negative axial pressure gradient
produces an axial velocity excess in correspondence of the vortex centre; travelling
downstream the slowing-down of the tangential motion, due to viscosity, leads to
a positive axial pressure gradient and consequently to a continual loss of axial
momentum. Concluding, an axial velocity excess at the vortex centre should be
always present during the roll-up of the vortex. Subsequently, if a decay due to the
viscosity occurs the axial velocity excess can be reversed in a deficit surrounded by
overshoot in correspondence of the core radius, and more downstream a significant
defect can be singled out at the vortex centre without any surrounding velocity
overshoots. Obviously, the rate of reversing from an axial velocity excess at the
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Figure 3.107 Percentage error on the evaluation of the peak tangential velocity, V1,
and of the core radius, r1, due to the wandering smoothing effects.
Rapid scanning tests with U∞ = 20 m/s, x/c = 3 or x/c = 5, and
different angles of attack, α.
vortex centre to a defect strictly depends on the strength of the vortex, so that
for increased angle of attacks the axial velocity excess at the vortex centre persists
more downstream.
In Tab. 3.24 the quantities UD and UD/V1 are listed for all the tests performed
to investigate on the angle of attack variation.
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a) b)
Figure 3.108 Comparison of rapid scanning data and re-centred rapid scanning
data. Axial velocity profiles evaluated for the conditions U∞ =
20 m/s, x/c = 3 and by varying the angle of attack, α: a) re-centred
rapid scanning data; b) rapid scanning data.
Figure 3.109 Axial velocity profiles evaluated from the 3HFP static measurements
for the conditions U∞ = 20 m/s, x/c = 3 and by varying the angle
of attack, α.
202
3.8 Wandering analysis
a) b)
Figure 3.110 Comparison of rapid scanning data and re-centred rapid scanning
data. Axial velocity profiles evaluated for the conditions U∞ =
20 m/s, x/c = 5 and by varying the angle of attack, α: a) re-centred
rapid scanning data; b) rapid scanning data.
Figure 3.111 Axial velocity profiles evaluated from the 3HFP static measurements
for the conditions U∞ = 20 m/s, x/c = 5 and by varying the angle
of attack, α.
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Conditions UD/U∞ UD/V1
α [deg] U∞ [m/s] x/c RS Recent. RS 3HFP RS Recent. RS 3HFP
4 -0.105 -0.493
6 -0.097 -0.074 -0.056 -0.269 -0.221 -0.167
8 20 3 -0.027 -0.011 -0.008 -0.006 -0.025 -0.017
10 0.041 0.059 0.047 0.074 0.114 0.086
12 0.132 0.096 0.156 0.209 0.163 0.278
14 0.148 0.111 0.202 0.159
4 -0.071 -.013
6 -0.152 -0.085 -0.092 -0.452 -0.301 -0.35
8 20 5 -0.135 -0.023 -0.063 -0.326 -0.066 -0.177
10 -0.047 -0.002 0.016 -0.094 -0.005 0.037
12 0.009 0.032 0.038 0.015 0.059 0.077
14 -0.038 0.089 -0.057 0.147
Table 3.24 Non-dimensional axial velocity defect measured at the mean vortex
centre, UD, and Rossby number evaluated from the rapid scanning
tests.
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3.8.3 Reynolds number dependency of the vortex wandering
The wandering parameters obtained from the rapid scanning tests performed at
x/c = 3 or x/c = 5, α = 8◦ and by varying the free-stream velocity are reported in
Tab. 3.25, whereas 3HFP static measurements were carried out only at x/c = 5
(Tab. 3.26).
Finally, the wandering parameters evaluated from the 5HP static measurements
are reported in Tab. 3.27.
Comparing the rapid scanning and the 3HFP data with the 5HP static measure-
ments, it seems that all the tests suggest a reduction of the wandering amplitudes
by increasing the free-stream velocity from U∞ = 10 m/s to 20 m/s and, subse-
quently, they are fairly unchanged for the remaining higher free-stream velocity
(Fig. 3.112 and Fig. 3.113). Most probably increasing the free-stream velocity,
a) b)
Figure 3.112 Wandering amplitudes evaluated for the tests performed with α = 8◦,
x/c = 3 and by varying the free-stream velocity, U∞: a) wandering
amplitude in the spanwise direction, σy; b) wandering amplitude in
the normal direction, σz.
U∞, from 10 m/s to 20 m/s the strength of the vortex is increased in such a
way to allow the vortex to be insensitive to wandering for further increases of the
free-stream.
The wandering smoothing effects on tangential velocity profiles are also evident
for the rapid scanning tests performed by varying the free-stream velocity in or-
der to investigate on the Re-dependency of the vortex features (Fig. 3.114 and
Fig. 3.115). As expected, the wandering effects are larger for the tests correspond-
ing to the location x/c = 5, indeed the wandering amplitude increases by moving
downstream, and is generally more apparent for the tests related to U∞ = 10 m/s.
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a) b)
Figure 3.113 Wandering amplitudes evaluated for the tests performed with α = 8◦,
x/c = 5 and by varying the free-stream velocity, U∞: a) wandering
amplitude in the spanwise direction, σy; b) wandering amplitude in
the normal direction, σz.
The vortex parameters evaluated from these rapid scanning tests are reported
in Tab. 3.28. The analogous tangential velocity profiles obtained from the 3HFP
static measurements are reported in Fig. 3.116, while the vortex parameters evalu-
ated from these tests are reported in Tab. 3.29. An increase of the peak tangential
velocity, V1, is generally singled out, for data both affected by wandering and re-
centred, with increasing free-stream, while the core radius, r1, slightly decreases.
Consequently, the strength of the vortex results to be increased by increasing the
free-stream velocity.
The axial velocity profiles obtained from the rapid scanning tests are reported
in Fig. 3.117 and Fig. 3.118, whereas the analogous one obtained with the 3HFP
are reported in Fig. 3.119. Generally an axial velocity defect is detected in
correspondence of the vortex centre for all the tested free-stream velocities, both
for wandering affected or corrected data. Obviously, for the former the defect is
reduced by the wandering smoothing effects, as can be observed in Tab 3.30 or
in Fig. 3.120-a. Moreover, the wandering smoothing effects on the axial velocity
profiles slight decrease by increasing the free-stream velocity, as shown in Fig. 3.120-
b.
A particular flow feature singled out from the axial velocity obtained from these
tests is the presence of a very evident secondary axial velocity defect, which is
displaced outboard with respect to the main vortex. This feature is more evident
by increasing the free-stream and it is probably related to a secondary vorticity
structure that surround the main vortex. A more detailed analysis of this flow
feature is provided in Section 3.8.4.
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a) b)
Figure 3.114 Comparison of rapid scanning data and re-centred rapid scanning
data. Tangential velocity profiles evaluated for the conditions α = 8◦,
x/c = 3 and by varying the free-stream velocity, U∞: a) re-centred
rapid scanning data; b) rapid scanning data.
a) b)
Figure 3.115 Comparison of rapid scanning data and re-centred rapid scanning
data. Tangential velocity profiles evaluated for the conditions α = 8◦,
x/c = 5 and by varying the free-stream velocity, U∞: a) re-centred
rapid scanning data; b) rapid scanning data.
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Re-centred Data
α [deg] U∞ [m/s] x/c V1/U∞ r1/c Γ1/Γ0 Γ1/ν Grad(Vθ/U∞) [mm−1]
10 0.402 0.031 0.251 11565 41.7
8 20 3 0.452 0.029 0.266 24535 50.7
30 0.488 0.030 0.295 40877 59.7
10 0.388 0.035 0.277 12778 36.2
8 20 5 0.414 0.031 0.260 23979 44.5
30 0.443 0.028 0.251 34818 51.7
Data affected by Wandering
10 0.324 0.037 0.277 12764 19.1
8 20 3 0.434 0.030 0.272 25109 27.6
30 0.452 0.029 0.268 37054 31.9
10 0.277 0.050 0.279 12897 11.2
8 20 5 0.350 0.036 0.252 23289 17.3
30 0.391 0.033 0.260 35949 25.8
Table 3.28 Vortex parameters evaluated from the rapid scanning tests performed
at α = 8◦, x/c = 3 or x/c = 5, and by varying the free-stream velocity.
α [deg] U∞ [m/s] x/c Vθ1/U∞ r1/c Γ1/Γ0 Γ1/ν Grad(Vθ/U∞) [mm−1]
10 0.333 0.045 0.302 15823 11.5
8 20 5 0.355 0.035 0.302 31646 14.7
30 0.367 0.039 0.304 47784 12.9
Table 3.29 Vortex parameters obtained from the 3HFP static measurements per-
formed at α = 8◦, x/c = 5 and different free-stream velocities.
Conditions UD/U∞ UD/V1
α [deg] U∞ [m/s] x/c RS Recent. RS 3HFP RS Recent. RS 3HFP
10 -0.161 -0.093 -0.40 -0.29
8 20 3 -0.052 -0.026 -0.11 -0.06
30 -0.032 -0.016 -0.07 -0.04
10 -0.215 -0.080 -0.168 -0.56 -0.29 -0.504
8 20 5 -0.142 -0.047 -0.068 -0.34 -0.13 -0.191
30 -0.087 -0.014 -0.054 -0.20 -0.03 -0.147
Table 3.30 Non-dimensional axial velocity defect measured at the mean vortex
centre, UD, and Rossby number evaluated from the rapid scanning
tests performed to investigate on the Re-dependency of the wandering.
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Figure 3.116 Tangential velocity profiles evaluated from the 3HFP static mea-
surements for the conditions α = 8◦, x/c = 5 and by varying the
free-stream velocity, U∞.
a) b)
Figure 3.117 Comparison of rapid scanning data and re-centred rapid scanning
data. Axial velocity profiles evaluated for the conditions α = 8◦,
x/c = 3 and by varying the free-stream velocity, U∞: a) re-centred
rapid scanning data; b) rapid scanning data.
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a) b)
Figure 3.118 Comparison of rapid scanning data and re-centred rapid scanning
data. Axial velocity profiles evaluated for the conditions α = 8◦,
x/c = 5 and by varying the free-stream velocity, U∞: a) re-centred
rapid scanning data; b) rapid scanning data.
Figure 3.119 Axial velocity profiles evaluated from the 3HFP static measurements
for the conditions α = 8◦, x/c = 5 and by varying the free-stream
velocity, U∞.
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a) b)
Figure 3.120 Tests performed for the conditions α = 8◦, x/c = 3 or x/c = 5, and
by varying the free-stream velocity, U∞: a) axial velocity defect in
correspondence of the vortex centre, UD; b) wandering smoothing
error on the evaluation of UD from the rapid scanning data.
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3.8.4 Secondary vorticity structures
The purpose of this section is to highlight the presence of secondary vorticity
structures in the proximity of the main vortex. Secondary vorticity structures
surrounding vortices were already found by different authors as [11], [10], [5]. Only
co-rotating vorticity structures with the main vortex were detected by [35] and they
disappeared by moving downstream because of the vortex diffusion or by increasing
the vortex strength. [16] found that the wing tip vortex is the result of a merging
process between the main vortex and other secondary structures, either co-rotating
or counter-rotating with the main vortex. Secondary vorticity structures were also
found by [32] regarding delta-wing tip vortices.
From previous measurements performed through a vorticity pressure probe on
the tip vortex generated from the same model used in this experimental campaign,
presented in [27], a counter-rotating vorticity structure was found to be situated
outboard and downwards with respect to the main vortex. Furthermore, they also
found several small structures, both counter-rotating and co-rotating, displaced
along the shear layer which surround the vortex core.
A secondary vorticity structure can be detected from velocity measurements
from a slight change of the typical smooth trend of the tangential velocity profile,
and thus from a more evident disturb of the circulation, as shown in Fig. 3.121
from r/c ∼= 0.1 to r/c ∼= 0.2. Furthermore, considering that the secondary vorticity
structure is located outboard with respect to the main vortex, the abrupt reduction
of the circulation at r/c ∼= 0.1 suggests that the secondary vorticity structures is co-
rotating with the main vortex. Moreover, more axial velocity defects, or excesses,
also reveal the presence of a secondary vorticity structure, usually associated with
an increased standard deviation of the axial velocity.
Considering now the rapid scanning tests performed with U∞ = 20 m/s, x/c = 3
and by varying the angle of attack, from the standard deviation of the axial velo-
city, Fig. 3.122-a, and from the circulation, not reported, two secondary vorticity
structures are detected from each test, one outboard with respect to main vortex
at r/c ∼= 0.2 and the other inboard at r/c ∼= −0.05. The locations of these vortic-
ity structures seem to be displaced at larger distance from the main vortex with
increasing angle of attack. From the tests performed with the same condition but
at x/c = 5 only the outboard vorticity structure was singled out for all the tested
incidences, as can be seen from the standard deviation of the axial velocity reported
in Fig. 3.122-b.
These analysis suggested that the two secondary vorticity structures detected
at x/c = 3 might represent the encountering of the traverses with the spiral-like
shear layer that wraps the main vortex, indeed the radius of the spiral increases
with increasing angle of attack, as already observed from the flow visualizations
presented in Section 3.3 and from all the measurements performed by varying the
angle of attack. For the measurements performed at x/c = 5 the part of the shear
layer located inboard with respect to the main vortex is non singled out because it
215
3 Wing-tip vortex wandering
Figure 3.121 Rapid scanning for the condition α = 8◦, U∞ = 20 m/s and x/c = 3.
should be merged with the latter due to the diffusion of the vorticity by proceeding
downstream.
For this analysis rapid scanning were performed at the condition α = 8◦, x/c =
3, U∞ = 20 m/s, and by varying the normal distance between the traversing
direction and the mean vortex centre location. These data were not corrected for
wandering because wandering affects only the vortex core and it rapidly vanishes by
increasing the radial distance from the vortex centre, as already shown in this work
or from the spectral analysis of 5HP static measurements presented in Section 3.4.4.
Consequently, the wandering of the main vortex does not produce any effects on
the secondary vorticity structures, as can be assessed from Fig. 3.117, at which the
axial velocity defect associated with the secondary vorticity structure (the defect
located more outboard) is characterized by the same location and modulus for both
wandering affected or corrected data; whereas the wandering smoothing effects on
the axial velocity on the defect related to the main vortex are apparent.
The tangential velocity field obtained from these rapid scanning is reported in
Fig. 3.123-a. This map highlights the presence of the main vortex (the vertical white
area at y ∼= YC is due to the lack of samples in that region) that is also confirmed
from the standard deviation of this velocity component reported in Fig. 3.123-b. At
(y−YC)/c ∼= 0.2 the path of the shear layer wrapping the main vortex is detected by
a decreased value of the tangential velocity whereas the part of this shear layer that
might be located inboard with respect to the main vortex is not clearly detected.
From the axial velocity (Fig. 3.123-c) a more concentrated vorticity structure seems
to be located at ((y − YC)/c, (z −ZC))/c ∼= (0.2, 0.05), which can be justified from
the presence of several secondary vorticity structures in the shear layer surrounding
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a) b)
Figure 3.122 Standard deviation of the axial velocity, U , evaluated from the rapid
scanning performed with U∞ = 20 m/s and by varying the angle of
attack: a) x/c = 3; b) x/c = 5.
the main vortex. This feature was already observed from the measurement grids
performed with the 5HP and from the vorticity measurements performed by [27].
Finally, from the standard deviation of the axial velocity, reported in Fig. 3.123-d,
unsteadiness are detected in correspondence of this secondary vorticity structures
and also for a region located inboard with respect to the main vortex, which can
be ascribed to the inboard part of the shear layer. Summarizing, it is difficult to
draw firm conclusions from these tests but it seems that the main vortex might
be wrapped by a shear layer, probably constituted by several secondary vorticity
structures, that approaching the main vortex merges with the latter.
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a)
b)
c)
d)
Figure 3.123 Rapid scanning performed for the condition α = 8◦, U∞ = 20 m/s
and x/c = 3 and different normal distance from the mean vortex
centre: a) mean tangential velocity; b) Standard deviation of the
tangential velocity; c) axial velocity; d) standard deviation of the
axial velocity.218
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3.9 Conclusions
Wandering is a generally observed feature of wind-tunnel generated vortices and
it consists in abrupt displacements of the vortex core location. Consequently, vor-
tices measured by static measuring techniques appear to be more diffuse than in
reality, hence the necessity for a correction method; otherwise, suitable measuring
techniques are needed.
Numerical simulations of the wandering of a Lamb-Oseen vortex have been per-
formed. The wandering locations have been represented through a bi-variate pro-
bability density function and the vortex centre location of each snapshot has been
generated using the statistical software R. The numerical simulations have high-
lighted that wandering amplitudes smaller than 60% of the core radius are well
predicted from the ratio between the RMS value of the tangential velocity and its
slope measured at the mean vortex centre. With increasing wandering amplitudes
the predictions become more inaccurate, showing errors up to 35% of the actual
value for wandering amplitudes comparable to the core radius. Moreover, from nu-
merical simulations it was found that the principal axes could be determined from
the opposite value of the cross-correlation coefficient between the spanwise and the
normal velocities measured at the mean vortex centre.
The numerical simulations have also indicated that the mean velocity field is
well predicted from the convolution of the actual velocity field and the probability
density function which represents the wandering, except at the locations close to the
boundary of the computational space domain. Consequently, the correction of the
wandering smoothing effects on the mean velocity field has been executed through
the deconvolution of the latter with the bi-variate probability density function,
which represents the wandering. Four different algorithms have been used, which
avoid any assumption or any fitting of the measured velocity field:
- the Van Cittert algorithm
- the Richardson-Lucy algorithm
- the blind deconvolution
- Numerical Direct Deconvolution in the Fourier domain
The Van Cittert algorithm suffers from a repeatable error committed in correspon-
dence of the space domain boundary, which can be significant when the domain
boundary is very close to the locations of interest. For highly anisotropic wander-
ing the best correction is achieved with the Numerical Direct Deconvolution in the
Fourier domain. However, that correction is not very accurate for wandering ampli-
tudes comparable to the core radius. Moreover, in these conditions the wandering
amplitudes are, in any case, inadequately predicted from static measurements, as
has been observed from the numerical simulations.
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Experiments have been performed on a NACA 0012 half-wing model. Prelimi-
nary flow visualizations have highlighted that abrupt displacements of the vortex
core occur and that the rate of occurrence and the amplitude of wandering increases
moving downstream and for angles of attack close to the wing-stall condition. In
addition, static measurements have been carried out with a five hole pressure probe
and with a triple sensor hot film anemometer.
Furthermore, rapid scanning of the tip vortex has been performed with a five
hole pressure probe. The aim of this measurement technique is to achieve velocity
signals theoretically not affected by wandering through scans performed sufficiently
fast through the vortex core in order to consider the vortex itself fixed during each
scan. A procedure to find the actual vortex centre of each scan was implemented
that allows to obtain time-averaged velocity profiles not affected by wandering.
The comparison of the rapid scanning data corrected for wandering with the static
measurements allowed to evaluate the wandering smoothing effects on static mea-
surements. The rapid scanning data corrected for wandering have highlighted flow
features otherwise hidden through the static measurements due to wandering. For
instance in the very near field two axial velocity defects were detected surrounding
the vortex centre that seem to be the result of a merging process between the main
vortex with secondary vorticity structures. Furthermore, it has been found that
a switch from a wake flow to jet flow by increasing the wing angle of attack, pro-
posed by several authors, does not seem to be a proper representation of the actual
axial velocity field of a wing-tip vortex, but rather to be the result of wandering
smoothing effects on the actual velocity field. During the roll-up of a vortex an
excess of the axial velocity is always present in correspondence of the vortex centre
due to a negative axial pressure gradient. Proceeding downstream a decay due
to viscosity may occur, thus the axial velocity excess can be reversed in a defect
surrounded by axial velocity overshoots in correspondence of the core radius. More
downstream a predominant axial velocity defect is singled out without any other
surrounding velocity excesses. Summarizing, the wing angle of attack can only vary
the streamwise distance from the wing at which the axial velocity excess is reversed
in a defect.
The vortex centre distributions obtained from each rapid scanning test have been
represented through a bi-variate normal probability density function, which has
been found to be a proper statistical model by applying the Shapiro−Wilk nor-
mality test for multivariate distributions. The wandering amplitude in the spanwise
direction has been found to be generally larger than the normal one. The princi-
pal axes of wandering, even if the accuracy in their evaluation seems to be rather
unsatisfactory, are rotated with respect to the spanwise direction is such a way
to have the largest wandering amplitude along the outboard-upwards to inboard-
downwards direction. Tests have been performed to investigate on the behaviour
of the wandering by varying the streamwise distance, the wing angle of attack or
the Reynolds number. Firstly, wandering is not a self-induced phenomenon, as
proposed by [32], as its amplitude has been found to be reduced with increasing
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the vortex strength. Conversely, it seems that the vortex strength is the prin-
cipal vortex parameter to control the wandering, indeed neither the downstream
distance, the wing angle of attack and the free-stream velocity has an absolute in-
fluence on the wandering. In other words, the wandering amplitude can be reduced
by increasing the wing angle of attack or the free-stream velocity, or reducing the
streamwise distance from the wing, but if the vortex is sufficiently strong it can re-
sult to be completely insensitive to the variation of these parameters. All the tests
have been performed with the same turbulence level of the free-stream, and thus it
might be more suitable affirming that the principal parameter controlling the wan-
dering could be the ratio between the strength of the vortex and the free-stream
unsteadiness.
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Appendix
In the present section the principal calculations of the correction method proposed
by [12] are reported.
For each cross-section the origin of the frame of reference is fixed with the mean
vortex centre. The vortex wandering is represented through a bi-variate normal
density function, expressed as follows:
p(y, z) =
1
2pi
√
det(Σ)
exp
[
−1
2
XTΣ−1X
]
where Σ is the covariance matrix
Σ =
(
w2 vw
vw v2
)
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σ2y eσyσz
eσyσz σ
2
z
)
and σy and σz are the wandering amplitudes along the spanwise and normal direc-
tion respectively. The anisotropy of the wandering respect to the frame of reference
is expressed through the parameter e. X is a generic point of the cross-plane:
X =
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y
z
)
The determinant of the covariance matrix Σ is det(Σ) = σ2yσ
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For each probability density function it must be:
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For the correction method proposed by [12] the axial velocity field or the axial
vorticity are expressed as sum of n Gaussian functions centered at the mean vortex
centre (Eq. 3.14).
U(y, z)− U∞ =
n∑
i=1
Aiexp
[
−y
2 + z2
a2i
]
(3.14)
The mean axial velocity measured at a location (yp, zp) is expressed from Eq. 3.15:
Um(yp, zp) =
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∫ ∞
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p(y, z)U(yp − y, zp − z)dydz (3.15)
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Performing some calculations:
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Regarding the bi-variate probability density function, the following calculations
were performed:
exp
[
−1
2
< −→x , P−1−→x >
]
= exp
[
− 1
2(1− e2)
(
y2
σ2y
+
z2
σ2z
− 2eyz
σyσz
)]
P−1 =
1
1− e2
(
1
σ2y
− eσyσz
− eσyσz 1σ2z
)
223
3 Wing-tip vortex wandering
P=
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which is the covariance matrix Σ.
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Consequently, the mean axial velocity field can be expressed as follows:
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Concluding, the mean axial velocity is formulated as follows:
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Analogous calculations can be performed for the Reynolds stress u2.
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From Eq. 3.13 and Eq. 3.14, the following relation is obtained:
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Concluding, the mean axial stress is formulated as follows:
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